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Abstract

Extracellular pH can indicate the variation in organelle function and cell state. It is important to measure extracellular pH (pHe)
with a controllable distance. In this work, a potentiometric SECM dual-microelectrode was developed to monitor the pHe of
MCF-7 cells under electrical stimulation. The distance between the dual-microelectrode and the cells was determined first with a
gold microelectrode by recording the approaching curve, and the pH was determined using an open-circuit potential (OCP)
technique with a polyaniline-modified Pt microelectrode. The pH microelectrode showed a response slope of 53.0 + 0.4 mV/pH
and good reversibility from pH 4 to pH 8, fast response within 10 s, and a potential drift of 1.13% for 3 h, and thus was employed
to monitor the pHe of stimulated cells. The value of pHe decreased with the decrease in the distance to cells, likely due to the
release of H'. With an increase in the stimulation potential or time, the pHe value decreased, as the cell membrane became more
permeable, which was verified by fluorescence staining of calcein-AM/PI (propidium iodide). Based on these results, this method
can be widely applied for determining the species released by biosystems at a controllable position.
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Introduction

Cells are the basic structural and functional units of organisms,
and the main site of metabolism [1]. Cell survival largely
depends on the balance of intracellular pH (pHi), which can
regulate metabolic pathways such as signaling, defense, im-
mune function, and apoptosis [2, 3]. To maintain this balance,
numerous protons are transported to the extracellular environ-
ment by Na*/H* exchanger (NHE-1), single carboxylic acid
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transport (MCT), and V-type ATPase, resulting in a decrease
in extracellular pH (pHe) [4-8]. In other words, the changes in
pHe are attributed to intracellular metabolism. Thus, an abnor-
mal pHe could indicate abnormal organelle function, which is
associated with many diseases. For example, the pHe of nor-
mal cells (7.2-7.4) is higher than that of cancer cells (6.2—6.8)
[9]. The low pHe of cancer cells promotes the degradation of
the extracellular matrix in order to enhance cell invasion [10]
and reduce adhesion [11]. pHe also has an effect on the uptake
of anticancer drugs and response to therapy [12]. Therefore,
the development of techniques for measuring pHe in a contin-
uous manner is essential.

Glass electrodes have been widely used in pH detection
under various working conditions for their advantages of high
sensitivity, good long-term stability, high measurement accu-
racy, and good ion selectivity [13]. However, glass electrodes
are filled with liquid, and can only be used to measure large-
volume solutions, so they are not conducive to miniaturization
[13]. On the other hand, miniaturized electrodes are essential,
because the measurement of extracellular pH is within the
microregion. Fluorescence [14-17] and surface-enhanced
Raman spectroscopy [18-21] have also been employed for
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pHe monitoring. Fluorescence spectroscopy has high spatial
and temporal sensitivity, and has been widely used in moni-
toring pHe of living cells. However, it requires modification
via a fluorescent probe sensitive to pH variation on the surface
of cells [17]. The photobleaching and quenching of a fluores-
cent probe might affect the accuracy of pH detection [22].
Surface-enhanced Raman spectroscopy also introduces signal
molecules into the system for the detection of pHe, which may
change the physiological state of cells [1]. Ion-sensitive field-
effect transistors [23], positron emission tomography [24], and
magnetic resonance imaging [25, 26] have also been used to
measure pHe, but these methods cannot monitor pHe changes
in real time with the variation in cellular state at a controllable
position.

Scanning electrochemical microscopy (SECM) is capable
of monitoring the concentration distribution near various tar-
get objects with voltammetric or potentiometric probes
[27-29] at a controllable distance from the substrate. In
SECM, the potentiometric mode is widely used to image the
concentration distribution of targets such as bacterial biofilm,
dental caries, and steel corrosion [30-33]. However, to the
best of our knowledge, there are few reports of its use for
measuring pHe. Horrocks et al. first proposed using an anti-
mony microdisk for positioning and pH profiling from a glass
capillary filled with gelatinized yeast cells [34]. However,
antimony electrodes continuously adsorb oxides, and the
thicker oxide film affects the accuracy of the pH determina-
tion. This is a significant factor restricting the wide and accu-
rate application of Sb pH electrodes [35]. Munteanu et al.
designed a voltammetric pH microsensor using a
syringaldazine-modified carbon fiber microelectrode 37 pum
in diameter as the SECM tip to monitor the pHe of mamma-
lian cells under different oxygen content, achieving high spa-
tial resolution [36]. However, monitoring pHe with a
voltammetric pH sensor in a continuous manner is difficult,
and as a result, important dynamic information can be missed.
Potentiometric sensors with ion-selective electrodes have
been used for ion determination, such as Na*, K*, CI” and
H* [37-39]. For pH sensing, polyaniline is commonly used
as a modification material on electrodes and has been used in
much research [13, 40, 41].

Here, real-time monitoring of extracellular pH under
electrical stimulation was carried out using a potentio-
metric SECM with a dual-microelectrode probe in a
continuous manner. The dual-microelectrode consisted
of an Au microelectrode and a polyaniline-modified
(PANI) Pt microelectrode 25 um in diameter, which
were used to determine the distance to cells and monitor
the pHe in real time, respectively. The open-circuit po-
tential (OCP) responses were continuously collected at
variable distances and under variable stimulation poten-
tials and time to investigate the difference in pHe
values, thus providing a new means for the real-time

@ Springer

determination of species released by cells exposed to
external stimulus conditions.

Experimental section
Chemicals and materials

Ferrocene methanol (FcMeOH) was purchased from Sigma-
Aldrich (USA). Aniline was obtained from Sinopharm
Chemical Reagent Co., LTD. Calcein-AM/propidium iodide
(PI) suitable for fluorescence was obtained from Dojindo
Chemical Technology Co., Ltd. (Shanghai, China).
Dulbecco’s modified Eagle’s medium (DMEM), penicillin/
streptomycin (P/S), trypsin/EDTA solution, and fetal bovine
serum (FBS) solution were purchased from Thermo Fisher
(Waltham, MA, USA). Borosilicate glass capillary (1.0 mm
OD x 0.75 mm ID) tubing was obtained from Sutter
Instrument Company (USA). Platinum wire (d = 25 pum)
and gold wire (d = 25 um) were purchased from Alfa Aesar
(USA). ITO (indium tin oxide 4 cm X 5 c¢m, sheet resistance
<7 §2/sq) glass was provided by Zhuhai Kaivo Optoelectronic
Technology Co. Ltd. (China). Phosphate-buffered saline
(PBS, 0.01 M, pH = 7.40) solution was prepared with deion-
ized water (DI, 18.2 MQ-cm™ . The human breast cancer cell
line (MCF-7) was obtained from the Chinese Academy of
Sciences (Shanghai, China).

Instruments

MCF-7 cells were cultured in a humidified incubator (NuAire,
USA). Scanning electron microscopy (SEM) characterization
of the dual-microelectrode was performed on a Hitachi S-
4800 scanning electron microscope (Tokyo, Japan). OCP de-
tection was carried out using a CHI 920C scanning electro-
chemical microscope (CH Instruments Co., Shanghai, China).
MCF-7 cells were electrically stimulated using a CHI 830B
electrochemical workstation (CH Instruments Co., Shanghai,
China). Drawing borosilicate glass capillary tubes was per-
formed on a P-2000 laser puller (Sutter Instrument
Company, USA). Live/dead staining images were obtained
with an Olympus IX51 inverted fluorescence microscope
(Olympus Corporation, Japan).

Fabrication of the SECM dual-microelectrode

A borosilicate glass capillary tube (OD 1.0 mm, ID 0.75 mm)
was first pulled with a pipette puller (Sutter Instruments,
Novato, CA, USA), obtaining a pipette with an inner diameter
of 60—100 um (RG < 5) by polishing it on sandpaper. The
long platinum and polyimide-coated gold wires with 25-um
diameter were then inserted into the pipette, followed by con-
nection to the respective copper wire by conductive silver
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epoxy. With the help of a microscope, they were carefully
pulled back to close the glass tube, an appropriate amount of
epoxy resin was injected for encapsulation, and the pipette
was heated at 120 °C for 1 h to solidify the epoxy resin. To
expose the platinum and gold wires, the pipette surface was
then polished with sandpaper, finally obtaining the SECM
dual-microelectrode consisting of platinum and Au wires.
The dual-microelectrode was polished with sandpaper before
each experiment. The size was determined by cyclic voltamm-
etry scanning, which was performed in 0.1 M KCI aqueous
solution containing 1 mM ferrocene methanol. SEM was used
to verify the coating of polyaniline on the surface of the Pt
microelectrode in the dual-microelectrode.

Fabrication of the polyaniline-modified Pt
microelectrode

Prior to the electropolymerization of aniline, the platinum mi-
croelectrode was electrochemically cleaned in 0.5 M H,SO,4
by cyclic voltammetric in a potential range of —0.25to 1.55 V.
Electropolymerization was then performed in 1 M HCI con-
taining 0.1 M aniline between —0.1 Vand 0.9 V (vs. an Ag/
AgCl-saturated KCl reference electrode). Polymerization in
HCI supporting electrolyte generated smooth morphology of
polyaniline [13, 42]. To achieve the best potentiometric re-
sponse of pH, the number of cycles and the cyclic voltamm-
etry sweep rate for electropolymerization were optimized. The
performance of the obtained polyaniline-modified Pt micro-
electrode was then investigated by OCP.

Cell culture

MCF-7 cells were cultured in DMEM supplemented with
10% FBS and 100 pg/mL P/S at 37 °C in a humidified atmo-
sphere containing 5% CO,. After reaching 80% confluence,
cells were detached with 0.25% trypsin/EDTA. The cells were
then resuspended in culture medium after removal of the
trypsin/EDTA solution. The concentration of cells was deter-
mined by counting with trypan blue staining, followed by
seeding on ITO glass with an area of 0.28 cm” at a density
0f 20,000 cells/cm? for further investigation.

Real-time monitoring of pHe by the SECM
dual-microelectrode

The distance between the tip and substrate was first deter-
mined by recording approach curves over the cells with the
Au microelectrode at 0.450 V in 0.01 M PBS containing
1 mM FcMeOH. When the current decreased to 75% of the
initial value, the dual-microelectrode was stopped. After re-
placing 0.01 M PBS containing | mM FcMeOH with 0.01 M
PBS, the dual-microelectrode was elevated a certain distance.
The OCP response was measured with an Ag/AgCl (saturated

KCI) reference electrode in PBS solution, to avoid fouling of
the dual-microelectrode.

After culturing for 24 h, MCF-7 cells were stimulated at a
constant potential (0, 0.3, 0.6, 0.9, and 1.2 V) with a three-
electrode system in PBS (0.01 M, pH = 7.40) solution [43].
The ITO substrate, Ag/AgCl (saturated KCl) electrode and Pt
wire were used as the working electrode, reference electrode
and counter electrode, respectively. OCP detection was then
performed to investigate the changes in pHe, which were cal-
culated by the change in potential divided by the slope of the
pH microelectrode response.

Cell viability was further evaluated by staining with calcein
AM (2 uM) and PI (4.5 uM) for 20 min. After washing with
PBS solution (10 mM, pH = 7.40) three times, the cells were
observed using an Olympus IX51 inverted fluorescence mi-
croscope with a fluorescence detector and a 10 x objective.

Results and discussion
Characterization of the SECM dual-microelectrode

The size of the fabricated SECM dual-microelectrode was
characterized by cyclic voltammetry and SEM. As shown in
Fig. S1 (see Electronic Supplementary Material, ESM), the
CV curves of both Au and platinum microelectrodes displayed
a sigmoidal shape. According to the equation Iy = 4nFDCr,
where I is the steady-state current (A), n is the number of
electrons involved in the reduction of FcMeOH, F is the
Faraday constant (96,485 C/mol), D is the diffusion coeffi-
cient of FeMeOH (7.8 x 107¢ cm?/s) [44], C is the concentra-
tion of FeMeOH (1.0 mM), and r.g is the radius of the micro-
electrode (cm), r¢ of the Au and Pt microelectrodes was cal-
culated as 12.62 um with a detected current of 3.8 nA. The
size of the microelectrode was further verified by SEM (see
ESM Fig. S3), which clearly displayed both microelectrodes
with diameter of 25.0 um. The aniline electropolymerization
curve is shown in ESM Fig. S2. The peak at 0.25 V corre-
sponds to the formation of radical cations, and the peak at
0.85 V is likely caused by the conversion from an emeraldine
to a pernigraniline structure, which indicates regular growth of
the polymer film. Two reduction peaks at 0.55 Vand 0.1 V
appeared due to the conversion from pernigraniline to
emeraldine and from emeraldine to leucoemeraldine, respec-
tively [45]. The SEM image in Fig. S3B (see ESM) also dis-
plays a uniform layer on the Pt microelectrode, indicating that
the surface was modified with polyaniline. The performance
of the polyaniline-modified Pt microelectrode was further in-
vestigated by OCP. A series of standard buffer solution values
with pH ranging from 4.00 to 8.00, covering the full pH var-
iation of the extracellular environment, were sequentially
measured, followed by detection in reverse order. Response
slopes of 52.6 mV/pH and 53.2 mV/pH were obtained,
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Fig. 1 Potentiometric response characteristics of the pH microelectrode:
(a) OCP responses of standard buffer solution in a pH range of 4-8. (b)
Deduced calibration curve of the pH microelectrode. (¢) Time-dependent

respectively (Fig. 1a), indicating good reversibility of the pH
microelectrode. Figure 1b shows the deduced linear correla-
tion between the potential and pH value, with a slope of 53.0 +
0.4 mV/pH (R? = 0.9995), which displays a sub-Nernstian
behavior. Six dual-microelectrodes were randomly selected
for the detection, and the relative standard deviation (RSD)
was 0.76% (see ESM Table S1), showing good reproducibil-
ity. From Fig. lc, it can be observed that the pH microelec-
trode exhibits a nearly instantaneous response to the pH
change from 7.30 to 6.59, yielding 90% of the steady-state
signal within the first 5 s, and a completely stable response
within 20 s. According to [TUPAC criteria, electrode response
time is defined as the time when electrode potential reaches
95% of the stable value [46]. Therefore, we determined that
10 s was the response time of the polyaniline-modified elec-
trode. When the measurement was performed continuously in
the solution at pH 6.59, the potential drifted only 0.6 mV
(1.13%) after 3 h (Fig. 1c), revealing satisfactory stability.

Real-time monitoring of pH at different distances
from the cells

In order to determine the change in pHe values with the var-
iation in the cellular state, electrical stimulation was applied to
the MCF-7 cells, followed by real-time monitoring of pHe by
OCP. Electrical stimulation has been widely used in nerve
repair, tissue regeneration, and the induction of apoptosis
and differentiation, but has only focused on changes in tissues
and cells [47—49]. Few researchers have explored the effect of
electrical stimulation on the microenvironment around cells
[43], and no reported studies have investigated the variation
in extracellular pH under electrical stimulation. When cells are
stimulated, H* released by cells will spread into the bulk so-
lution from the surface, resulting in different pHe at different
distances. Therefore, distance determination is important for
investigating the pH gradient around the cells, which was
performed by recording the approach curves with the Au mi-
croelectrode. In the SECM negative feedback mode, current
approximation is typically used to determine the distance be-
tween the probe and the substrate [30, 36, 50]. Although the
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OCP responses of the pH microelectrode to an injection of 0.1 mol/L HCI1
into PBS solution at pH 7.30 and the continuous monitoring of OCP
values at pH 6.59

absolute distance cannot be measured by this method, we can
use this method to lower the dual-microelectrode probe to a
certain position as the relative position between the probe and
the cell. As shown in Fig. S4 (see ESM), negative feedback
was clearly observed when the dual-microelectrode
approached the cell, compared with the ITO surface. As the
current decreased to 75% of the initial value, the dual-
microelectrode stopped so as not to damage the cell. The
dual-microelectrode was then elevated, followed by OCP de-
termination. The OCP responses at different distances from
the cells were extracted 10 s after the stimulation, and the
pHe values were calculated according to the equation pH =
7.35 — AE/0.053, where 7.35 is the pH value of the bulk
solution detected by the pH meter, AE is the difference be-
tween the OCP value detected at a certain position and the
value of the bulk solution, and 0.053 V/ pH is the response
slope. As shown in Fig. 2, pHe values at 10,000 um and
10 um without stimulation were 7.35 (black curve) and 7.17
(red curve), respectively. The pHe at 10,000 wm was the same

7.5
7.0F
S~
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6.0}
sl —— 10000 pm without stimulation
= 55 — 10000 pm with stimulation
50r —— 50 um with stimulation
45k — 10 pm without stimulation
— 10 um with stimulation
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Fig. 2 Variation in pHe over time at different positions between the dual-
microelectrode and the cells: 10000 um with (blue curve) and without
stimulation (black curve), 100 um with stimulation (magenta curve),
50 um with stimulation (green curve), and 10 pm with (navy curve)
and without stimulation (red curve). The electrical stimulation was ap-
plied at 0.6 V for 60 s

1000
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as the pH value of the bulk solution, and the lower pHe value
was obtained near the cells, which is consistent with the fact
that the pHe of cancer cells is more acidic [9]. In addition, the
pHe values at these two positions were nearly constant over
time. After the application of electrical stimulation at 0.6 V for
60 s, the pHe at 10,000 um (blue curve) was essentially un-
changed compared with the value before stimulation. When
the distance decreased to 100 um, the pHe value decreased
significantly (magenta curve), and further decreases were ob-
tained at 50 um (green curve) and 10 pm (navy curve), which
revealed the release of H* by the cells, followed by diffusion
to the bulk solution. The pHe values at 100 um and 50 pm
remained nearly unchanged with the prolongation of time
once reaching diffusion equilibrium. However, the pHe value
at 10 um increased significantly over time, because of the
smaller volume and smaller buffer capacity of the buffer so-
lution. In addition, OCP signals were collected at 10 um from
the ITO substrate before and after stimulation at 0.9 V for
300 s (ESM Fig. S5), showing almost no change, and thus
verifying that ITO had no effect on the pH of the solution.

Fig. 4 Evaluation of cell viability under electrical stimulation at (a) 0 V, (b) 0.3 V, (¢) 0.6 V, (d) 0.9 Vand (e) 1.2 V for 60 s, and at 0.9 V for (f) 0 s, (g) 30

s, (h) 60 s, (i) 180 s and (j) 300 s. The scale bars are 100 pm

Determination of pHe under variable stimulation
conditions

To further investigate the influence of electrical stimulation on
pHe, MCF-7 cells were stimulated at different potentials or for
different durations. As shown in Fig. 3, pHe gradually decreased
with the increase in stimulation potential or stimulation time,
indicating that more H" were released at a higher potential or
longer time period. This is likely due to the change in cell mem-
brane permeability caused by the stimulation. For verification,
cell viability was evaluated by fluorescence staining of calcein-
AM/PI. Calcein-AM can pass through the cell membrane, and
the AM group is then removed by esterase action in living cells,
thus producing strong green fluorescence by calcein. Hence, liv-
ing cells are represented by green fluorescence. On the other
hand, PI can enter the cells with damaged membranes, displaying
red fluorescence. Clearly, the increased stimulation potential
(Fig. 4a—e) and time (Fig. 4fj) both led to decreased cell viability
and thus enhanced membrane permeability. Therefore, more H*
were released, causing a decrease in pHe.

@ Springer



3742 Song R. et al.
Conclusions 5. Yang OC, Loh S-H. Acidic stress triggers sodium-coupled bicar-
bonate transport and promotes survival in A375 human melanoma
. . . cells. Sci Rep. 2019;9(1):1-12.
In. summary, potentlorpetrlc monitoring (.)f.extracellular pH 6. Sarangarajan R, Shumaker H, Soleimani M, Le Poole C, Boissy
with an SECM dual-microelectrode, consisting of an Au mi- RE. Molecular and functional characterization of sodium-hydrogen
croelectrode and polyaniline-modified Pt microelectrode, was exchanger in skin as well as cultured keratinocytes and melano-
developed to monitor the pHe of MCF-7 cells under electrical %g’f" | ?lli)(cgf?g‘fa 9? Biophysica Acta (BBA)-Biomembranes.
stlmulgtlon in r§a1 time. An Au mlcroelectfode was used to 7. Nishisho T, Hata K. Nakanishi M, Morita Y, Sun-Wada G-H. Wada
determine the distance between the dual-microelectrode and Y, et al. The a3 isoform vacuolar type H+-ATPase promotes distant
the cells through the approaching curve, and the OCP re- metastasis in the mouse B16 melanoma cells. Mol Cancer Res.
sponses under stimulation were then monitored in real time 2011;9(7):845-55. )
b .1 . . . . 8. Wahl ML, Owen JA, Burd R, Herlands RA, Nogami SS, Rodeck U,
y a polyaniline-modified Pt microelectrode. This pH micro- . ; . ) .

. . . et al. Regulation of intracellular pH in human melanoma: potential
electrode demonstrated satisfactory linear response, with a therapeutic implications 1 supported by NIH Grant P01 CA56690
slope of 53.0 + 0.4 mV/pH and reversibility in a pH range of (to MLW, RB, CSO, DBL); Grant R25CA48010 from National
4-8, along with a fast response within 10 s. Stimulation Cancer lnstitpte, NIH, and Department of Health and Human
caused the release of H from the cells. and a lower pHe value Services, National Science Foundation MCB RUI Grant 9057010

. . ’ p (to JAO, SSN, RAH); and NIH Grant CA39248 (to DB). 1. Mol
was obtained at a shorter distance from the cells. Decreased Cancer Ther. 2002:1(8):617-28.
pHe values were detected by increasing the stimulation poten- 9. Kraus M, Wolf B. Implications of acidic tumor microenvironment
tial or time, which enhanced the cell membrane permeability, for neoplastic growth and cancer treatment: a computer analysis.
verified by fluorescence staining. It was possible to determine Tumor Biol. 1996;17(3):133-54. ,
. . . . 10. Stock C. Schwab a protons make tumor cells move like clockwork.
pHe under electrical stimulation with an SECM dual- Pfliig Arch Eur J Phy. 2009:458(5):981-92
microelectrode in a continuous manner by fixing the dual- 11, Stock C, Cardone RA, Busco G, Krihling H, Schwab A, Reshkin
microelectrode probe. Thus, we have a better understanding SJ. Protons extruded by NHE1: digestive or glue? Eur J Cell Biol.
of the effects of electrical stimulation on cells. This method 2908;87(8‘9)‘591*9
. s . . 12. Svastova E, Hulikova A, Rafajova M, Zat’ovi¢ova M,
shows great potential for application to the real-time detection X o S L !
- . Gibadulinova A, Casini A, et al. Hypoxia activates the capacity
of species released by cells or other bio-targets. of tumor-associated carbonic anhydrase IX to acidify extracellular
pH. FEBS Lett. 2004;577(3):439-45.
Acknowledgments This work was financially supported by the National 13.  Zhang X, Ogorevc B, Wang J. Solid-state pH nanoelectrode based
Natural Science Foundation of China (Grant No. 21575042). on polyaniline thin film electrodeposited onto ion-beam etched car-
bon fiber. Anal Chim Acta. 2002;452(1):1-10.
Compliance with ethical standards 14. Ke G, Zhu Z Wang W, Zou Y, Guan Z, Jia S, et al. A cell-surfe.lce-
anchored ratiometric fluorescent probe for extracellular pH sensing.
This work does not contain any studies with human participants or ani- ACS Appl Mater Interfaces. 20‘14;6(17): 15329-34.
mals performed by any of the authors. 15. Kenney RM, B(')yce MW, Whitman NA, Krf)mhout BP, Loc}kett
MR. A pH-sensing optode for mapping spatiotemporal gradients
. . . in 3D paper-based cell cultures. Anal Chem. 2018;90(3):2376-83.
Fonﬂlcts of interest The authors declare that they have no conflict of 16. Pan'T, Yang C, LiJ, Jiang J, Wen J, Wang Z, et al. High-throughput
nterest. . o . .
extracellular pH monitoring and antibiotics screening by polymeric
fluorescent sensor with LCST property. Methods. 2019;168:51-61.
17. ZengS,LiuD, LiC, YuF, Fan L, Lei C, et al. Cell-surface-anchored
ratiometric DNA tweezer for real-time monitoring of extracellular
References and apoplastic pH. Anal Chf:m. 2018;90(22):13459766: .
18.  WangJ, Geng Y, Shen Y, Shi W, Xu W, Xu S. SERS-active fiber tip
. . for intracellular and extracellular pH sensing in living single cells.
1. Cialla-May D, Zheng X-S, Weber K, Popp J. Recent progress in Sens. Actuators. B: Chem. 2019:290:527—34
.surface-f?nhe.mced Raman spectr(.)sF: opy for biological and biomed- 19. XuM, Ma X, Wei T, Lu Z-X, Ren B. In situ imaging of live-cell
ical applications: from cells to clinics. Chem Soc Rev. 2017;46(13): . L
304561 extracellular pH during cell apoptosis with surface-enhanced
. : . . . 1 Raman spectroscopy. Anal Chem. 2018;90(23):13922-8.
2. LiuL, Dou C-X, Liu J-W, Wang X'N’ Ying Z-M, J.1ang J-H. Ce 20. Pan C, Li X, Sun J, Li Z, Zhang L, Qian W, et al. A multiplexed
surface-anchored DNA Nanomachine for dynamically tunable . . - .
. . . SERS-active microneedle for simultaneous redox potential and pH
sensing and imaging of extracellular pH. Anal Chem. . . . : AR
measurements in rat joints. ACS Applied Bio Mater. 2019;2(5):
2018;90(19):11198-202. 2102-8
3. Bl}slhnm SW, Rozlell (1:1]’ L§V11r1 Cs, G};elth MK, Johnson BR, 21. Sun F, Zhang P, Bai T, Galvan DD, Hung H-C, Zhou N, et al.
Jo néon D H, et al. All-optical nanoscale pH meter. Nano Lett. Functionalized plasmonic nanostructure arrays for direct and accu-
2006’6(8)'168_7_92' rate mapping extracellular pH of living cells in complex media
4. Cheng P-C, Lin H-Y, Chen Y-S, Cheng R-C, Su ch’ Huang R-C. using SERS. Biosens Bioelectron. 2015;73:202-7.
The Na+/H+-exchanger NHE1 regulates extra-and intracellular pH 22. BiL, Wang Y, Yang Y, Li Y, Mo S, Zheng Q, et al. Highly sensitive

and nimodipine-sensitive [ca 2+] i in the suprachiasmatic nucleus.
Sci Rep. 2019;9(1):1-18.

@ Springer

and reproducible SERS sensor for biological pH detection based on
auniform gold nanorod array platform. ACS Appl Mater Interfaces.
2018;10(18):15381-7.



Real-time monitoring of extracellular pH using a pH-potentiometric sensing SECM dual-microelectrode

3743

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Sakata T, Sugimoto H, Saito A. Live monitoring of microenviron-
mental pH based on extracellular acidosis around cancer cells with
cell-coupled gate ion-sensitive field-effect transistor. Anal Chem.
2018;90(21):12731-6.

Demoin DW, Wyatt LC, Edwards KJ, Abdel-Atti D, Sarparanta M,
Pourat J, et al. PET imaging of extracellular pH in tumors with
64Cu-and 18F-labeled pHLIP peptides: a structure—activity optimi-
zation study. Bioconjug Chem. 2016;27(9):2014-23.
Garcia-Martin M-L, Hérigault G, Rémy C, Farion R, Ballesteros P,
Coles JA, et al. Mapping extracellular pH in rat brain gliomas
in vivo by H magnetic resonance spectroscopic imaging: compari-
son with maps of metabolites. Cancer Res. 2001;61(17):6524-31.
Provent P, Benito M, Hiba B, Farion R, Lopez-Larrubia P,
Ballesteros P, et al. Serial in vivo spectroscopic nuclear magnetic
resonance imaging of lactate and extracellular pH in rat gliomas
shows redistribution of protons away from sites of glycolysis.
Cancer Res. 2007;67(16):7638-45.

Gyurcsanyi RE, Pergel E, Nagy R, Kapui I, Thu Lan BT, Toth K,
et al. Direct evidence of ionic fluxes across ion-selective mem-
branes: a scanning electrochemical microscopic and potentiometric
study. Anal Chem. 2001;73(9):2104—11.

Kovéacs B, Csoka B, Nagy G, Kapui I, Gyurcsanyi RE, Toth K.
Automatic target location strategy—a novel approach in scanning
electrochemical microscopy. Electroanalysis. 1999;11(5):349-55.
Gyurcsanyi RE, Nybéck A-S, Ivaska A, Toth K, Nagy G. Novel
polypyrrole based all-solid-state potassium-selective microelec-
trodes. Analyst. 1998;123(6):1339—44.

Joshi VS, Sheet PS, Cullin N, Kreth J, Koley D. Real-time meta-
bolic interactions between two bacterial species using a carbon-
based pH microsensor as a scanning electrochemical microscopy
probe. Anal Chem. 2017;89(20):11044-52.

Zhu Z, Liu X, Ye Z, Zhang J, Cao F, Zhang J. A fabrication of
iridium oxide film pH micro-sensor on Pt ultramicroelectrode and
its application on in-situ pH distribution of 316L stainless steel
corrosion at open circuit potential. Sensor Actuat B-Chem.
2018;255:1974-82.

Ratanaporncharoen C, Tabata M, Kitasako Y, lkeda M, Goda T,
Matsumoto A, et al. pH mapping on tooth surfaces for quantitative
caries diagnosis using micro Ir/IrOx pH sensor. Anal Chem.
2018;90(7):4925-31.

Hampel M, Schenderlein M, Schary C, Dimper M, Ozcan O.
Efficient detection of localized corrosion processes on stainless
steel by means of scanning electrochemical microscopy (SECM)
using a multi-electrode approach. Electrochem Commun.
2019;101:52-5.

Horrocks BR, Mirkin MV, Pierce DT, Bard AJ, Nagy G, Toth K.
Scanning electrochemical microscopy. 19. Ion-selective potentio-
metric microscopy. Anal. Chem. 1993;65(9):1213-24.

Liu Y, Liu H, Yao Z, Diao Y, Hu G, Zhang Q, et al. Fabrication,
improved performance, and response mechanism of binary ag—Sb
alloy pH electrodes. Electrochim Acta. 2020. https://doi.org/10.
1016/j.electacta.2020.135746.

Munteanu R-E, Stanica L, Gheorghiu M, Gaspar S. Measurement
of'the extracellular pH of adherently growing mammalian cells with

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

high spatial resolution using a voltammetric pH microsensor. Anal
Chem. 2018;90(11):6899-905.

Lee S-K, Boron WF, Parker MD. Monitoring ion activities in and
around cells using ion-selective liquid-membrane microelectrodes.
Sensors. 2013;13(1):984—-1003.

Zajac M, Lewenstam A, Stobiecka M, Dotowy K. New ISE-based
apparatus for Na+, K+, cl—, pH and Transepithelial potential differ-
ence real-time simultaneous measurements of ion transport across
epithelial cells monolayer—advantages and pitfalls. Sensors.
2019;19(8):1881.

Zajac M, Lewenstam A, Dolowy K. Multi-electrode system for
measurement of transmembrane ion-fluxes through living epithelial
cells. Bioelectrochemistry. 2017;117:65-73.

Bandodkar AJ, Hung VW, Jia W, Valdés-Ramirez G, Windmiller
JR, Martinez AG, et al. Tattoo-based potentiometric ion-selective
sensors for epidermal pH monitoring. Analyst. 2013;138(1):123-8.
Park HJ, Yoon JH, Lee KG, Choi BG. Potentiometric performance
of flexible pH sensor based on polyaniline nanofiber arrays. Nano
Converg. 2019;6(1):9.

Morris CA, Chen C-C, Ito T, Baker LA. Local pH measurement
with scanning ion conductance microscopy. J Electrochem Soc.
2013;160(8):H430-5.

Chen CC, Chen YZ, Huang YJ, Sheu JT. Using silicon nanowire
devices to detect adenosine triphosphate liberated from electrically
stimulated HeLa cells. Biosens. Bioelectron. 2011;26(5):2323-8.
https://doi.org/10.1016/1.bios.2010.10.003.

Bae JH, Brocenschi RF, Kisslinger K, Xin HL. Mirkin MV (2017)
dissolution of Pt during oxygen reduction reaction produces Pt
nanoparticles. Anal Chem. 2017;89(23):12618-21.

Zhang J, Kong L-B, Wang B, Luo Y-C, Kang L. In-situ electro-
chemical polymerization of multi-walled carbon nanotube/
polyaniline composite films for electrochemical supercapacitors.
Synthetic Met. 2009;159(3-4):260—6.

Buck RP, Lindner E. Recommendations for nomenclature of
ionselective electrodes (IUPAC recommendations 1994). Pure
Appl Chem. 1994;66(12):2527-36.

Qi G, Wang B, Zhang Y, Li H, Li C, Xu W, et al. Living-cell
imaging of mitochondrial membrane potential oscillation and phe-
nylalanine metabolism modulation during periodic Electrostimulus.
Anal Chem. 2019;91(15):9571-9.

Grossman N, Bono D, Dedic N, Kodandaramaiah SB, Rudenko A,
Suk H-J, et al. Noninvasive deep brain stimulation via temporally
interfering electric fields. Cell. 2017;169(6):1029.¢1016-41.e1016.
Li C, Xu S, Wang M, Jin Y. Smart plasmonic nanorobot for real-
time monitoring cytochrome c release and cell acidification in apo-
ptosis during electrostimulation. Anal Chem. 2018;91(2):1408-15.
Amemiya S, Guo J, Xiong H, Gross DA. Biological applications of
scanning electrochemical microscopy: chemical imaging of single
living cells and beyond. Anal Bioanal Chem. 2006;386(3):458-71.
https://doi.org/10.1007/s00216-006-0510-6.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.electacta.2020.135746
https://doi.org/10.1016/j.electacta.2020.135746
https://doi.org/10.1016/j.bios.2010.10.003
https://doi.org/10.1007/s00216-006-0510-6

	Real-time monitoring of extracellular pH using a pH-potentiometric sensing SECM dual-microelectrode
	Abstract
	Introduction
	Experimental section
	Chemicals and materials
	Instruments
	Fabrication of the SECM dual-microelectrode
	Fabrication of the polyaniline-modified Pt microelectrode
	Cell culture
	Real-time monitoring of pHe by the SECM dual-microelectrode

	Results and discussion
	Characterization of the SECM dual-microelectrode
	Real-time monitoring of pH at different distances from the cells
	Determination of pHe under variable stimulation conditions

	Conclusions
	References




