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ABSTRACT: This work presents an experimental platform combining scanning ion
conductance microscopy (SICM) with confocal laser scanning microscopy (CLSM),
using intra- and extracellular pH indicator dyes to study the impact of acid delivery
on individual HeLa cells within a population. The proton gradient generated by the
SICM delivery is highly confined by the action of the media buffer, making the
challenge local. Temporal and spatial aspects of the delivery are modeled by
simulations, allowing for pH gradients across individual cells, even within a group, to
be calculated. We find a strong dependency between the intracellular pH and the
extracellular pH gradient imposed by local acid delivery. Postdelivery intracellular
pH recovery depends on the extent of the acid challenge, with cells exposed to lower
pH not returning to basal intracellular pH values after the extracellular pH recovers.
This is a unique method for concentration-gradient challenge studies of cell
populations that will have broad applications in cell biology. SICM can be used to
deliver different chemicals and enables a wide range of local conditions to be applied
across a cell population, for which the effects can be investigated at the single-cell level.
KEYWORDS: scanning ion conductance microscopy (SICM), nanopipettes, confocal laser scanning microscopy (CLSM),
finite element method modeling, local delivery, HeLa cells

■ INTRODUCTION
To comprehend cell heterogeneities and the role they may
have within a cell community, single-cell measurement
techniques are necessary.1,2 While many single-cell analysis
techniques have been devised, the combination of direct single-
cell measurement with control of the single-cell microenviron-
ment (chemical composition and gradients) is achievable,3,4

but challenging. Design and use of tailored microfluidic
devices, together with fluorescence or brightfield microscopy
can sometimes allow combined control and measurement of
the cell microenvironment. For example, bespoke devices have
been devised for controlled drug-delivery and the generation of
chemical gradients within such devices for combined analysis
of cell behaviors, including chemotaxis.5−8 The microfluidics
approach, however, is technically difficult, usually requiring a
new microfluidic design for each analysis, and there are issues
in loading and maintaining cells within devices.9,10 Thus,
alternative methods for controlling microenvironments of
single and small groups of cells would be beneficial.

One such method for localized delivery and analysis is
scanning ion conductance microscopy (SICM).11−13 SICM
uses a pipet as a scanning probe, and has primarily been
developed for noninvasive physiochemical analyses of single
cells, with subcellular resolution.14−18 SICM has been used for
noninvasive studies of a range of interesting cell functions,
including membrane permeability,19−21 membrane
charge,22−24 and respiration.25−27 SICM and pipets have also
been used to deliver compounds locally to both abiotic and

biotic substrates.28−30 For charged species, the transport is
controlled by migration under the electric field generated
between the two quasi-reference counter electrodes (QRCEs),
one in the pipet tip and one in the bathing solution, with
additional contributions of diffusion and electroosmosis to
consider. Therefore, a potential bias can be applied between
the electrodes to promote or prevent the delivery of the
charged species of interest (H+) from the tip lumen, and
varying the potential allows for tunable control of the delivery
flux.30 Simulating SICM delivery using finite element method
(FEM) affords a predictive understanding of the spatial-
temporal aspects of the SICM-imposed concentration gradient,
allowing precise control of the chemical environment
surrounding the pipet.30−34 The ability to generate well-
defined concentration gradients across cells is of interest to
study drug uptake,35−37 and a variety of other chemical
interactions with cells.38,39 Thus, the key capabilities of SICM,
namely the small scale, mobile tip, ease of use, amenability to
modeling, and high control of delivery, makes it an ideal
technique for creating controlled microscale environments
around cells.
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Here, we develop a single-cell analysis method by coupling
SICM with confocal laser scanning microscopy (CLSM), and
the use of appropriate intra- and extracellular fluorescent
probes. This method draws on SICM delivery and FEM
simulations to predictably change the chemical composition
around individual cells, while the fluorescent probes report on
cellular states. This approach allows for simultaneous
evaluation of many individual cells across an image plane
with the spatial distribution of the chemical challenge
quantitatively described by FEM simulations, and with each
cell exposed to a different concentration condition, affording
high-throughput analysis of a range of local environments.

To demonstrate the combined SICM and fluorescence
microscopy approach, we focus on the generation of external
pH gradients around individual cells and cell groups using the
HeLa cell line, a well-characterized model system used
extensively in cancer research.40 The choice of a cancer cell
line is particularly relevant as the pH dynamics are altered in
many cancerous cell types, resulting in slightly higher
intracellular pH, than for noncancerous cells, while the
extracellular medium becomes more acidic, due to their
different metabolism.41,42 We focused on disturbing this pH
gradient across the cell membrane to demonstrate that the
platform developed can be used to study pH regulation
dynamics in individual cells.

■ RESULTS AND DISCUSSION

A Combined SICM − CLSM System
Figure 1A illustrates the combined SICM and CLSM system.
Cells are plated onto a dish with a coverslip glass base and
observed with the inverted configuration CLSM, while the
SICM probe height is controlled by an automated piezoelectric
head, and the potential at the probe is controlled via custom
electronics and a Field Programmable Gate Array (FPGA)
card (see Methods). Local pH gradient generation is achieved
by controlling the probe distance to cells together with the
probe potential, which can be used to facilitate chemical
delivery or uptake with high precision. A typical example pipet
height/potential program is shown in Figure 1B, where the
pipet is approached toward the surface of interest with an
applied potential to retain the analyte (HCl) in the tip. Upon
reaching the desired position, the potential is then changed to
a value to release the analyte for a prescribed time after which
the potential is reset, and the pipet is withdrawn from the
surface before translation (in the xy plane) to the next position
(cell) of interest. Experimental parameters for use in
experiments were explored within FEM simulations (see
Methods and SI). The effect of experimental conditions,
including concentrations of delivered analyte, and probe pulse
potentials, and their effect on gradient dynamics are explored
in section SI-2.
Generating and Visualizing Controlled Chemical (pH)
Gradients
In our demonstrative example, we used the combined SICM-
CLSM setup for generation of microscale pH gradients
through delivery of protons (250 mM HCl in the pipet tip).
Noncell specific pH-sensitive dyes fluorescein and 2′,7′-bis(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) were
used to visualize the delivery from the pipet probe into culture
media (M5 solution, see Methods). Fluorescein fluoresces
green (510−520 nm) at neutral pH and fluorescence is
reduced with acidification, as confirmed by the recorded

fluorescence-pH calibration curve (see Supporting Information
(SI), Figure S-7A).43 BCFL-AM is a cell permeant superior
single-isomer formulation of BCECF, and was used for
observing intracellular pH. BCFL-AM was calibrated with a
spectrally analogous dye variant BCECF, which has the same
pKa as BCFL-AM but is not cell-specific,44,45 and can therefore
be calibrated in solution. BCECF is a ratiometric dye that
changes the ratio of emission at 535 nm for two excitation
wavelengths (458 and 503 nm) depending on pH (calibration
profile in Figure S-7B). For both dyes, fluorescence intensity
was calibrated against pH in noninoculated culture media, and
these calibrations were used to transform the experimental
fluorescence intensity into pH values.
Z-stack imaging of the end of the pipet and the region

external to it during acid delivery into an M5 solution
containing fluorescein (Vd = 0.5 V) was used to visualize the
delivery volume (Figure 2A). The presented image is a
sideview projection of the 3D delivery volume, reconstructed
from the z-stack images. Figure 2B shows the corresponding
pH values, displaying a pH gradient extending from the pipet
lumen out to the bulk solution, with the pH returning to bulk
values (above pH 6.5) at an approximate distance of 40 μm
from the lumen. This distance value agrees with FEM
simulations of a probe delivering acid in bulk solution with
the same experimental parameters (Figure S-5).

Figure 1. (A) Cartoon (not to scale) representing the combined
CLSM and SICM approach, where the pipet tip is used to deliver acid
in order to change the local pH near a cell. Some of the possible
biological and physical processes that will impact the intracellular pH
in response are shown. (B) Pipette potential (blue) and height (red)
operated at each position in the delivery experiment. During time
period I the pipet is approached toward the cell at a potential where
protons are held inside the tip (Vh). Once the approach feedback
current threshold is reached, the potential is switched to the delivery
potential (Vd) for a set amount of time (time period II). After
delivery, the potential is switched back to hold, Vh, and the pipet is
retracted to bulk (time period III). Further details are given in the
Methods section.
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To visualize the pH change over time during delivery, a time
lapse video was recorded for a smaller CLSM scan area (16
pixels wide strip of 9.70 μm) starting at the center of the
micropipette lumen and extending outward, represented by the
dashed line in Figure 2C. During the time lapse, the potential
at the probe was varied to initiate delivery as follows: 30 s at
the hold potential (Vh = −0.25 V); followed by 60 s at the
delivery potential (Vd = 0.5 V); concluding with a 30 s at Vh.
The pH across the image at each measured time point is shown
in Figure 2C. At the start of the delivery potential period (30
s), the pH rapidly decreases, and a stable pH gradient is
established. When the hold potential is applied again at the end
to switch off the pH challenge, the pH is almost instantly
buffered back to bulk conditions. The rapid pH change across
time is shown in Figure 2D at selected distances, which mirror
the behavior shown in Figure S-6B simulation and highlight

the ability to dynamically control the chemical environment
around the pipet probe, via the applied tip potential.

Taken together, these results show that a combined SICM-
CLSM approach allows highly accurate and temporally
controllable generation, and analysis, of chemical gradients
across micro scales.
Analysis of Single Cell Behaviors in Local pH Gradients

To demonstrate the use of combined SICM-CLSM for cellular
analysis, we generated local pH gradients around single HeLa
cells while synchronously monitoring the intracellular pH of
the cells. To measure external pH local to each cell, we used
fluorescein-labeled wheat germ agglutinin (WGA), which
binds to the cell surface and reports extracellular pH at the
cell membrane.46 To measure intracellular pH we used
pHRodo Red, which accumulates in the cytosol and has an
increased fluorescence with decreasing pH. Using extra- and
intracellular pH probes allows us to monitor the ability of a cell
to maintain an internal pH in face of externally applied pH
gradients. The experiments followed the framework set by the
FEM simulation and pH-gradient measurements explained
above.

The SICM tip was approached and then held above a target
cell at the hold potential (Vh = −0.25 V) for an initial period of
3 min, to measure the background fluorescence used to
normalize the intensity across all other imaging frames in the
time-lapse. The potential was then switched to delivery mode
(Vd = 0.5 V) for 2.5 min, before returning to the hold potential
during which cells were further imaged for 4.5 min (10 min of
total imaging). Images from different time points are shown for
the two dyes in Figure 3A, with the cell targeted by the probe
marked with a white star. Figure 3B shows regions of interest
(ROIs) masked for each cell identified in the images. These are
used to label and track each individual cell across the time-
lapse. The targeted cell (Cell 7) is seen below the halo of the
tip in the brightfield image.

The normalized mean fluorescence intensity of pHRodo Red
(Figure 3C), and WGA fluorescein (Figure 3D), for each cell is
shown as a function of time, colored relative to the distance
from the centroid of the target cell (Cell 7). The gray vertical
dashed lines indicate the start and end of the acid delivery.

As seen in Figure 3A and 3C, the intracellular fluorescence
intensity (pHRodo Red) increases in response to the acid
delivery, and a significant response is seen in the cluster of cells
surrounding the target cell (Cells 4 to 8), with the response
becoming less pronounced further from the cell labeled 7
(delivery point). Beyond 140 μm from Cell 7 (blue shade in
Figure 3C), the fluorescence does not significantly change
across the entire experimental time frame, in agreement with
the FEM-simulated reach of the acid gradient generated
(Figure S-5).

During the recovery phase, following acid delivery, after the
5.5 min mark, cells 5 and 7, which are closest to the point of
delivery, can be seen (Figure 3A) to show significant
morphological changes, including some blebbing. This suggests
that the most extreme pH challenge results in damage to the
cells. The intracellular fluorescence for cell 5 continues to
increase following the acid delivery, while for cells 6 and 7 the
decrease in fluorescence values is much smaller, at the same
period, than for other cells. We believe that cell damage at
these extreme pH values means that the cell is unable to
modulate the intracellular pH. The intracellular fluorescence
for cells further from to the probe (cells 4, 6 and 8) begins to

Figure 2. (A) Cartoon representation of the experimental setup,
showing how z-stack imaging is performed traveling up the SICM
probe during a delivery program. The z-stack is then reconstructed
into a 3D projection, which can be positioned to create views as
shown in the “Final image” panel. The combined SICM-CLSM
application allows visualization of the pH gradient around the SICM
probe in real time. (B) Steady-state heatmap showing pH around the
probe during delivery of 250 mM HCl into M5 bath solution
containing fluorescein (axisymmetric region shown), obtained by
converting measured fluorescence into pH values. (C) Temporal heat
map created by combining 400 z-stack images of a 9.70 μm wide strip
normal to the end of the pipet lumen (shown as “tip view”), at 300 ms
time intervals. (D) Line profiles of the fluorescein fluorescence
intensity at different distances from the end of the pipet (from the
heatmap in C). From 0 to 30 s: Vh = −0.25 V. From 30 to 90 s: Vd =
0.5 V. From 90 to 120 s: Vh = −0.25 V.
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decrease more markedly over time (Figure 3C). These cells
show recovery toward the initial fluorescence signal (intra-
cellular pH) and no apparent morphological change across the
time-lapse experiment.

The evident recovery in intracellular pH is most likely due to
cellular mechanisms that exist to maintain controlled pH
homeostasis, therefore acting against the pH challenge. Proton
pumps, such as the vacuolar-type H+-ATPase, are upregulated
and expressed in the plasma membrane of many cancer cells,
and are used to remove acid from cells and maintain the pH
balance.47−49 The activity of proton pumps and similar ion

transporters are sensitive to changes in the pH environment,
and will become more active in response to the pH challenge,
regulating the intracellular pH.50 The response to the
acidification may vary depending on the type of cancer cell
and also as a result of epigenetic/genetic heterogeneity within
a cancer type.51,52 By addressing the response of the individual
cells, our proposed methodology is capable of highlighting
these heterogeneous behaviors, for example, by comparing cells
with similar local pH. This would require the accumulation of
larger data sets than studied herein and could be a target for
future studies.

Figure 3. (A) Frames from CLSM time-lapse of HeLa cells at the beginning of the experiment (0 min), at the end of the delivery pulse (Vd = 0.5 V,
time 5.5 min), and at the end of the experiment (10 min), from the pHRodo Red and WGA fluorescein channels. Total number of image frames =
20, with 30 s between frames. HeLa cells were held in an M5 media solution, with 250 mM HCl in the tip. (B) Brightfield image and ROI masks,
showing the pipet halo directly above Cell 7. (C) pHRodo Red and (D) WGA fluorescein fluorescence intensity as a function of time, normalized
to the intensity at 0 min, for each cell in the time lapse, where the two dashed lines represent the start and end of the delivery period (3−5.5 min).
(E) Normalized intensity as a function of cell position from delivery point for both dyes at the end of the delivery pulse (5.5 min), and (F) the
relationship between the response of the two dyes at the end of the delivery pulse (5.5 min), colored by cell position from the delivery point.
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Figure 3D shows that the extracellular pH at the targeted cell
locality (WGA fluorescein channel) decreases during the
delivery period, as expected, and returns to near prestimulus
levels once delivery has stopped. The recovery of the WGA
fluorescein fluorescence is much quicker than that of the
intracellular pHRodo Red (panel C), due to efficient buffering
and diffusion in solution, however there is still a distance
dependence of the recovery, and cells subjected to the largest
pH challenge have a longer recovery time and their
fluorescence does not reach the initial levels across the
experimental time length.

For the most aggressive region of challenge, the effect seen
may result from nonrecoverable cell damage. Investigating the
impacted processes and pathways within the cancer cells is
beyond the scope of this work, but literature suggests how cells
are influenced through acidification.53,54 Intracellular acid-
ification can disrupt processes of cellular metabolism, such as
glycolysis and the citric acid cycle, by altering the activity of

enzymes.53,55,56 If extreme enough, the acid-induced altering of
the cellular metabolism can result in ATP depletion and cell
death. Acidification can also increase the production of harmful
reactive oxygen species, or directly trigger apoptotic signaling
pathways, initiating programmed cell death.57,58

The distance-dependence in pH response is highlighted in
Figure 3E, which shows the normalized fluorescence intensity
for both dyes at the end of the delivery period (5.5 min). Both
dyes are responsive to the distance from the delivery point,
confirming again that a pH gradient is established across the
image plane. Figure 3F plots the normalized intensities of each
dye (at 5.5 min) against each other, for each cell, with the
color indicating distance from the delivery point. For cells
beyond 140 μm (blue shades), fluorescein intensity shows a
5−20% change, while pHRodo Red only changes slightly (up
to 5%). This confirms that at these distances the pH challenge
is not significant enough to impact the intracellular pH by
much across the delivery pulse length.

Figure 4. Delivery from a 1 μm radius pipet loaded with 250 mM HCl, to HeLa cells held in a bath solution of M5 media (A) Frames from CLSM
time-lapse of HeLa cells at the beginning of the experiment (0 min), at the end of the delivery pulse (Vd = 0.5 V, 4 min), and at the end of the
experiment (10 min), merged for the two excitation channels of BCFL-AM (green- 458 nm, red- 503 nm), and (B) labeled cells in the ROI masks
used for image analysis, with the targeted cell highlighted (Cell 1). (C) The pH transformed by BCFL-AM calibration over time for each cell in the
time-lapse, where the two dashed lines represent the start and end of the delivery (2−4 min), and (D) BCFL-AM pH as a function of distance of
each cell centroid from the delivery point. (E) The intensity image of the cells in this experiment at 4 min transformed to pH (white used to
remove nonfluorescing background).
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Relating Intracellular pH Responses to Local pH Gradients

Quantitative data on the intracellular pH during delivery was
acquired with BCFL-AM, a ratiometric intracellular pH dye,
where the ratio between the emission at two distinct excitation
wavelengths (I458 nm/ I503 nm) can be used to calibrate
fluorescence to pH. A 1 μm radius pipet loaded with 250
mM HCl was used to deliver acid for 2 min to the target cells,
with 2 min of imaging predelivery for establishing the
background fluorescence. Z-stacks were used to image the
majority of the cell volume, each comprising of three 2.5 μm
interval slices (total volume of 7.5 μm). The time-lapses
consisted of 40 images, separated by 15 s intervals (allowing
11.6 s of dark time between each exposure).

Figure 4A shows images at different time points of the
delivery experiment with BCFL-AM, at the beginning of the
time-lapse (0 min), at the end of the delivery (4 min) and at
the end of the experiment (10 min). In these images the
intensity of the two channels is combined, and contrast
enhanced for illustrative purposes. All analysis was performed
with the raw data (Figure S-8). The identified ROIs used for
tracking each cell are numbered in Figure 4B, with Cell 1
directly under the pipet lumen. The BCFL-AM calibration
(Figure S-7B) was used to visualize the intracellular pH at the
end of the delivery pulse (4 min, Figure 4E). The background
is removed and shown in white. No cell blebbing is apparent
(Figure 4A), possibly due to the shorter delivery time and less
intense imaging protocol. The most distant cells (Cell 5 to 15),
not affected by the acid delivery (Figure 4D), show a pH of
approximately 7.3−7.4, in agreement with the intracellular pH
expected for cancer cells.38 Cells closer to the delivery site
show a lower pH value, with Cell 2, the closest neighbor to
Cell 1, having an intracellular pH of 6.5 after the delivery. Cell
1, as expected, shows the lowest intracellular pH value
postdelivery, however there is some fluctuation in values
across the pixels within the cell. We reason that this can be
caused by the sigmoidal response of the BCFL-AM ratiometric
dye, which is very flat near these low pH values (see Figure S-
7B).

Cell 1 showed the most dramatic change in pH during acid
delivery and no recovery in pH beyond the delivery pulse.
While close neighboring cells (Cell 2 to 4) were also strongly
affected by the delivery (with a gradient effect with distance),
their intracellular pH does return slightly in the first minutes
postdelivery, stabilizing at pH values approximately 1 unit
lower than the original level. This suggests a “point of no
return” where the cell does not immediately recover, even
without evident cell death (lack of morphological changes) and
could be further investigated using other fluorescent probes
such as those for signifying apoptosis. Even at the end of the
delivery pulse, beyond approx. 140 μm from the delivery site,
there is little effect observed on the intracellular pH (Figure
4D). This aligns with FEM simulations of this experimental
setup (Figure S-5).
High-Throughput Analysis of Single Cells Under Local pH
Challenge

The tight control of pH gradient generation with SICM,
together with the highly localized nature of generated gradients
allows the acid delivery experiments to be repeated multiple
times at different locations in the same culture dish. Exploiting
this aspect of the methodology, we performed five individual
time-lapse experiments in sequence at well-distanced points of
the same sample across a 90 min window, in total capturing 87

different cells exposed to a pH challenge. Results from these
experiments are collated in Figure 5. This framework allows

the analysis of a sizable number of cells while each cell is
considered as a single entity, allowing for heterogeneous
behavior to be identified and further explored, something that
is lost in averaging in population-based methods Each
experiment was performed under the same delivery conditions,
with a 2 min delivery of 250 mM HCl from the pipet tip, and
the time-lapse was then continued up to 10 min postdelivery to
record cell recovery or further changes. To help identify any
trends in cell response to the acid delivery, we analyzed the
linear rate of change of the normalized florescence ratio of
BCFL-AM across the first minute of acid delivery for each cell
(Δ1min I458 nm/I503 nm), which could correlate to how dynam-
ically cells respond to the challenge.

In Figure 5A larger negative values Δ1 min I458 nm/ I503 nm
mean a faster decrease in BCFL-AM intensity values with the
pH challenge. Cells closer to the delivery point have a more
negative Δ1 min I458 nm/ I503 nm, signifying a quicker acidification
of the intracellular medium. Beyond 140 μm, the rate of
change plateaus as the pH challenge is not sufficient to alter

Figure 5. Clustered data from 5 individual delivery experiments
performed in succession, where each point presents the response of
one cell (87 cells in total). (A) Linear rate of change in BCFL-AM
intensity across the first minute of delivery (Δ1 min I 458 nm/ I 503 nm) as
a function of cell position from the delivery point. (B) BCFL-AM pH
calibration at the end of the delivery pulse (4 min) as a function of
cell position from the delivery point. The marker color indicates the
grouped pH environment of cells, based on COMSOL simulations.
Red represents the cells exposed to a pH < 5, yellow to those in a pH
environment between 5.5 and 6, and blue being those in an
environment of pH > 6.5.
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the cell intracellular pH, similar to what was seen in Figure 3E.
Other metrics of interest regarding this experiment can be
found in the SI (Figure S-9). This includes an examination of
the cell response rate (normalized florescence ratio of BCFL-
AM), in the first 2 min postdelivery, as a function of the
distance of the cell from the delivery point.

The method described herein allows for high cell throughput
analyses, at the single cell level. Considering that there may be
heterogeneity in responses to the local pH challenge within a
population of cells, it is important to point out that cell
heterogeneity can be identified by this method to some extent
(outlier responses) and then further explored. The cell
parameters in the accompanying FEM simulations can also
be varied, allowing us to further investigate the ranges of
responses that might be due to certain heterogeneity (e.g., cell
size, but also other parameters, with complementary single cell
analyses).
Tuning Cell-Local pH Gradients with SICM Parameters

We analyzed gradient dynamics induced by our SICM setup
with further FEM simulations. These revealed that the pH
gradient imposed by the probe is very steep, changing about
1−1.5 pH units within the first 20 μm from the delivery point
and then terminating abruptly due to buffering effects of the
media (Figure S-6B). As HeLa cells have an approx. dimension
of 20 μm radius, this makes it difficult to “place” cells at very
different local pH values. This is evident also in our
experimental data, where intracellular pH responses are
clustered (Figure 4D).

■ CONCLUSIONS
We have introduced a platform to dynamically induce
controlled concentration (pH) gradients across substrates
with SICM while monitoring the response using fluorescent
probes and CLSM. We have demonstrated the use of this
framework for cellular studies, by delivering acid to cultured
HeLa cells and monitoring changes in extra- and intracellular
pH over time.

It should be noted that the focus of this work was on the
development and demonstration of a measurement system,
and so we did not employ a noncancerous biological control.
Yet, the methodology does have in situ reference cells which
are unperturbed during our experiments. These are the cells
captured in the image plane, but at a considerable distance
from the probe that they are not affected by the acid delivery.
This aspect of the method was demonstrated by the consistent
fluorescence response of these cells across the acid delivery
experiments and agrees with the FEM model that cells at this
distance are unperturbed. This aspect of the protocol is
particularly useful for internal calibration and for identifying
imaging artifacts, such as photobleaching.

FEM simulations of the SICM delivery and resulting spatial-
temporal distribution for different experimental parameters
allowed the fine-tuning of the delivery conditions and a
predictive understanding of the pH challenge, which was
corroborated with fluorescence intensity and the pH
calibration of fluorescent probes. The rate and extension of
intracellular pH change was found to depend on the distance
of cells from the delivery site, and hence their position within
the pH gradient.

The study of dynamics of pH homeostasis under local acid
gradients can help to elucidate the active investment of a cell to
maintain homeostasis against changing environments.59 Some

treatments are being designed to disturb the pH imbalance
found in cancer, using membrane transporters to disrupt the
pH difference to induce apoptosis.42,60,61 We envisage systems
where these treatments or other compounds of interest could
be delivered, either to bulk or locally using a multibarreled
probe system,30 and the cell is then exposed to a chemical
gradient to measure the change in response across a population
of cells. Beyond the studies of cancer, this platform could be
applied to study other cell lines or biological sample types,
such as tissue samples. The presented SICM-CLSM platform
could readily be expanded to other chemical gradients, which
would be informative for understanding cell-molecule inter-
actions, cell−cell communications, or exploring metabolic
pathways involved in response to different chemical gradients.
The platform should be of interest as a means of investigating
biotic and abiotic entities. The ability to visualize a large area
while challenging and monitoring individual entities within a
substrate provide a high throughput method, expanding the
application of the method beyond biology.

■ METHODS

Finite Element Method Simulation
COMSOL Multiphysics v. 5.6, with the Transport of Diluted Species
and Electrostatics modules, was used for all simulations. Models
consisted of a 2D axisymmetric cylindrical geometry of the
experimental system representing the pipet positioned above an
ellipsoidal cell. Two solution domains were simulated in the models,
one inside the probe consisting of the acid solution, and the
surrounding one representing the M5 media and accounting for the
buffer speciation. A schematic of the model environment, along with
additional simulation details can be found in the SI (SI-1)

SICM Protocol
SICM pipets used for this work typically had a radius of 1 μm and
were fabricated according to the procedure described in the SI (SI-6).
A Ag/AgCl quasi reference counter electrode (QRCE) was used as
the bulk electrode, as described previously,62 while the pipet QRCE
was a palladium hydrogen (Pd−H2) electrode, as this maintained a
more stable potential in highly acidic environments.63 The use of
different electrodes and different concentration conditions in the
pipet and bath, resulted in a potential difference between the two
electrodes. This was always measured and accounted for by applying a
potential offset of equivalent magnitude but opposite sign, such that
no current flowed at the resulting potential.64 All potentials quoted
herein are with respect to this initial condition.

The SICM protocol was performed as follows. Initially, the CLSM
was used to position the probe in bulk solution (away from the cell
surface) with the tip lumen positioned directly over the cell targeted
for delivery. The image frame was selected to contain several cells at
different distances from the pipet, where distant cells would remain
unperturbed by the delivery and could be used as a control and for
background correction. The pipet potential was set to result in
appreciable (above noise) ionic current used as the SICM topography
feedback, and to hold protons inside the micropipette (Vh > −0.2 V);
as verified experimentally and through FEM simulations. The SICM
pipet was then approached toward the cells (Figure 1B, Time I) until
the current decreased by a determined threshold value (2%). A CLSM
time lapse imaging sequence was then begun, and cells were imaged
several times before delivery to record an initial cell fluorescence for
comparison throughout the delivery experiment. The potential was
then switched to deliver protons (Vd ≈ 0.5 V) to the targeted cell for a
specified time (Figure 1B, Time II), following which the potential was
returned to the approach potential (Vh) and the probe was retracted
into the bulk solution. The CLSM imaging continued for several
minutes to follow the cell fluorescence postdelivery.
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Cell Culturing
HeLa cells (ECACC, catalogue number: 93021013) were grown and
sampled as discussed in full in the SI (see SI-7). In short, cells were
plated onto WillCo Wells coverslip glass dishes, and supplemented
with Minimum Essential Medium (Sigma-Aldrich, 56416C, referred
to here at M5) buffered with HEPES (100-fold dilution, Sigma-
Aldrich, H0887). The M5 also served as the electrolyte for the SICM
experiments and was characterized for the FEM simulation using
MINEQL software (Table S-2).
Confocal Laser Scanning Microscopy
Different fluorescent dyes were used to quantify the effects of acid
delivery to cells and their surrounding environment, specifically
fluorescein and 2′,7′-bis(2-carboxyethyl)-5-(and-6)-carboxyfluores-
cein (BCECF, Stratech Scientific Limited, 85138−49−4) to explore
changes in the media pH, wheat germ agglutin (WGA) fluorescein
(Invitrogen Molecular Probes, W834) which binds to glycoproteins
and works as an indicator for the pH at the cell membrane/solution
interface, and pHRodo Red (Invitrogen Molecular Probes, P35372)
and BCFL-AM (AAT Bioquest, 21190) for recording the intracellular
pH. The staining protocols used for these dyes and others explored in
this study can be found in the Supporting Information (SI-8).

Cells and media fluorescence were measured across a z-stack time
lapse series, with dark intervals between each scan of 15−30 s to allow
the cells to rest and restrict photobleaching. Sparse z-stacks were used
to capture most of the cell volume fluorescence. Details of the
microscope and laser setting used in the confocal microscopy and
explained in the SI (SI-8). Image analysis is described in SI-9.
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