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ABSTRACT: Ultramicroelectrode (UME), or, equivalently, microelectrode,
probes are increasingly used for single-cell measurements of cellular properties
and processes, including physiological activity, such as metabolic fluxes and
respiration rates. Major challenges for the sensitivity of such measurements
include: (i) the relative magnitude of cellular and UME fluxes (manifested in the
current); and (ii) issues around the stability of the UME response over time. To
explore the extent to which these factors impact the precision of electrochemical
cellular measurements, we undertake a systematic analysis of measurement
conditions and experimental parameters for determining single cell respiration
rates via the oxygen consumption rate (OCR) in single HeLa cells. Using scanning
electrochemical microscopy (SECM), with a platinum UME as the probe, we
employ a self-referencing measurement protocol, rarely employed in SECM,
whereby the UME is repeatedly approached from bulk solution to a cell, and a
short pulse to oxygen reduction reaction (ORR) potential is performed near the cell and in bulk solution. This approach enables the
periodic tracking of the bulk UME response to which the near-cell response is repeatedly compared (referenced) and also ensures
that the ORR near the cell is performed only briefly, minimizing the effect of the electrochemical process on the cell. SECM
experiments are combined with a finite element method (FEM) modeling framework to simulate oxygen diffusion and the UME
response. Taking a realistic range of single cell OCR to be 1 × 10−18 to 1 × 10−16 mol s−1, results from the combination of FEM
simulations and self-referencing SECM measurements show that these OCR values are at, or below, the present detection sensitivity
of the technique. We provide a set of model-based suggestions for improving these measurements in the future but highlight that
extraordinary improvements in the stability and precision of SECM measurements will be required if single cell OCR measurements
are to be realized.
KEYWORDS: SECM, Single cell measurement, OCR, FEM simulations, Respiration

■ INTRODUCTION
Precise measurement of cellular respiration rates is crucial for
understanding the metabolic behavior of cells.1 Changes in
respiration rates when cells are challenged to different
conditions can aid in the elucidation of the overall cell
metabolism. For example, depending on the experimental
conditions, a reduced rate of respiration within cancerous cell
lines could imply a shift to glycolytic and fermentative pathways,
as described by the Warburg effect.2,3

Respiration is usually quantified by bulk measurements of the
oxygen consumption rate (OCR) of a population of cells. While
these measurements can be accurate and sensitive,4,5 they do not
provide information on individual cell behaviors. Bulk measure-
ments cannot be used to study interesting aspects, such as
population heterogeneity in OCR or asynchronous glycolytic
oscillations at the single cell level.6 Fluorescence microscopy
offers a means to study individual cells within a population, and
can be used to monitor respiration and oxidative stress, but is not
reliably quantitative.7 Thus, quantitative single cell OCR

measurements remain a significant experimental and instru-
mental challenge.

Ultramicroelectrodes (UMEs), or, equivalently, microelectr-
odes, are attractive for single cell measurements,8−13 particularly
when used as the probe in scanning electrochemical microscopy
(SECM),14 for which there are a diverse range of cellular
studies.15−18 The coupling of fluorescence microscopy
techniques, such as confocal laser scanning microscopy
(CLSM), with SECM extends the depth of analysis of individual
cells and related bilayer membrane processes.19−21

Oxygen detection at UMEs is readily accomplished through
the oxygen reduction reaction (ORR), which is a 4-electron
process at platinum electrodes,22−24 with the resulting diffusion-
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limited cathodic current proportional to the local oxygen
concentration.25,26 When a UME is used as an SECM probe and
is brought into the vicinity of a single cell, the response depends
on the local oxygen concentration distribution (field), which is
affected by the cell’s OCR. Several SECM studies have related
ORR current to the OCR of cells and tissues.1,27−30 Single cell
OCR values across a range of different commonly studied cell
lines range from ca. 5 × 10−18 to 5 × 10−17 mol s−1.31 However,
single-cell SECM measurements have yielded OCR values that
are considerably higher than population-level measurements, by
up to 2 orders of magnitude.25,30,32−34 An important question is
how does this appreciable difference between SECM-based and
population-based methods arise? Furthermore, what is the limit
of detection in SECM-based OCR measurements and is it
possible to use SECM to detect single-cell OCR at the level
estimated from population-level measurements?

Here we employ a self-referencing SECM method to define
the limitations of single-cell OCR measurements. Self-
referencing SECM temporally modulates the position of the
UME probe such that oxygen current measurements taken in the
vicinity (and under the influence) of the cell are compared to
those taken in the bulk solution.35,36 Self-referencing has been
successfully used for single cell flux measurements previously
and is highlighted as a favorable approach to improve accuracy in
SECM.36−39 By performing an identical measurement protocol
with an UME positioned in the bulk position and then in the
vicinity of a cell and comparing the results, a self-referenced
result series is created with increased sensitivity, particularly as it
accounts (at least in part) for any change in the response in the
UME during the course of a series of measurements. Alteration
of the UME response is common in biological media,33,40,41 due
to the proteins and other biological molecules which may coat
and deactivate the electrode surface.42−44 Electrode surface
fouling can lead to deterioration in the UME response and adds
a source of inaccuracy to measurements. The self-referencing
approach can reveal the extent of deactivation in the
measurements by tracking the bulk response during the course
of the measurements.

A further benefit of self-referencing SECM is that the
electrode is only positioned near the cell for short periods of
time, minimizing its impact on the cell, for example, from the
hindrance of substrate (O2) transport into the gap between the
UME and cell. Furthermore, by pulsing the potential to perform
oxygen detection, for a relatively brief period, any effects arising
from UME electrolysis are also minimized.

Here, we combine self-referencing SECM with extensive finite
element method (FEM) modeling to explore single cell OCR
measurements with the HeLa cell line. We find that the ability to
measure single cell respiration via SECM depends crucially on
several experimental factors, including UME geometry, how
close the UME can be positioned near a cell, and cell behavior.
Our integrated modeling and experimental data show that when
considering all these factors, single cell OCR measurements are
very difficult to realize and could be easily misinterpreted. Thus,
these findings highlight the current challenges and limitations of
SECM-based single cell OCR measurements and provide
suggestions for future method development and improvements
in electrochemical probe measurement systems.

■ METHODS
We provide details of the experimental methods pertaining to SECM
measurements and a brief explanation of FEM modeling. The
Supporting Information (SI) contains further details of the cell culture

(section SI-1), UME fabrication and SECM platform instrumentation
(section SI-2), optical microscopy (section SI-3), and FEM simulations
(section SI-4).
SECM protocol
SECM was performed via inverted CLSM (Leica TCS SP5 X
microscope). A two-electrode setup was employed with a 5 μm radius
(a) platinum disk UME as the working electrode with a ratio of
platinum electrode to overall probe radius (RG ratio) of 15, and a
chloridized silver wire quasi-reference counter electrode (QRCE).42

The UME radius, before platinization (section SI-2), was calculated
from cyclic voltammograms45 recorded with hexaammineruthenium-
(III) chloride in potassium chloride solution and measured by optical
microscopy. The RG ratio was also determined from the optical images.
The SECM probe was mounted to a positioning stage controlled by a
piezo-manipulator (PI, P-611.3S XYZ Nanocube, 100 μm). With the
aid of CLSM visualization, the SECM probe was positioned 10 μm
above the top plane of a cell (UME−cell separation, d), then retracted,
using the piezo actuator, to 100 μm above (approximately the bulk
solution). A diagram of the overall measurement setup is shown in
Figure 1A.

Figure 1B summarizes the self-referencing protocol employed for the
single cell OCR measurements, detailing the UME positional
translation and potential control. A custom-built LabVIEW program
(2019 release, National Instruments) was used to translate the UME,
control the potential, and read the currents at the UME. First, the UME
was brought toward the cell surface (speed of 5 μm s−1), while being
kept at a potential of 0.2 V vs the QRCE, where there was no ORR.
Upon reaching the predetermined position about 10 μm above the top
plane of the cell, the UME bias was switched to the ORR potential
(−0.9 V), where the reaction was diffusion-controlled, and the current
was recorded. The probe potential was then switched back to 0.2 V, and
the UME was moved back to the bulk position, where the ORR
potential was applied again, and the current recorded for an equivalent
length of time. Unless otherwise stipulated, data were recorded for the 1
s pulse lengths and we report herein on the current at 1 s, where the
UME response was close to steady-state. The current measured with the
UME at the cell vicinity was normalized to the corresponding signal

Figure 1. (A) Illustration of the SECM experimental set up. (B)
Temporal profile of a single complete cycle of the (repeated) self-
referencing program (one “hop”), where the potential program applied
at the UME is shown on the left axis (blue), and the height position of
the UME, measured from the top plane of the cell, is shown on the right
axis (red).
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with the UME at the bulk position. After the bulk self-referencing pulse,
and before moving the probe near the cell, a series of short pulses (4
pulses, 0.5 s each) between −1 and 1 V were applied to clean the UME
surface. The entire process, as described, was repeated n times (typically
20−30 times) with a set interval between each measurement (typically
30 s), so as to record data near the cell over a period of time.
FEM Simulations
A two-dimensional, axisymmetric cylindrical simulation representing
the UME and cell was constructed in COMSOL Multiphysics (v. 5.5);
Figure 2. The model was composed of two domains: D1 represents the

bulk media, and D2 represents a HeLa cell. The cell was modeled as a
half ellipsoid approximate in size to a HeLa cell (radius: 9 μm, height:
2.5 μm),46 and the UME geometry was parameterized based on
electrochemical and microscopy characterization (planar disk, a = 5
μm, RG = 15). A realistic intracellular environment was simulated by
setting the interior cell (cytosol) oxygen concentration to 14.5 μM,47

with a cytoplasmic diffusion coefficient for oxygen of 7 × 10−11 m2 s−1.48

Details of the FEM model are given in the Supporting Information
(section SI-4). In brief, the “Transport of Diluted Species” COMSOL
module was used to solve for oxygen, considering mass transport by
diffusion only in an axisymmetric cylindrical geometry (UME directly
over the center of the cell). All simulations were performed as time-
dependent studies, for pulse lengths equivalent to those performed in
the SECM experiments (1 s). With reference to Figure 2 and Table S-1
(SI), the boundary condition, B1, represents the electrode, where
oxygen is reduced at a sufficiently fast rate to ensure diffusion-limited
conditions and resulting in the concentration of oxygen at the UME
surface being (close to) 0. B2 represents the glass sheath, and was
therefore set as a no-flux boundary. Regarding the cell, B3 represents
the outline of the cell nucleus, where the rate of cell oxygen
consumption is set by a first order rate law (section SI-4) and varied
over a set of values. B4 represents the cell outer membrane, which
demarcates changes in diffusion of O2 (but with no kinetic barrier to
transport between the cell and bathing solution). The UME presence in
close vicinity of the cell will decrease the oxygen concentration at the
cell domain (D2). We opted to keep OCR values constant by increasing
the kinetic constant. Our calculations therefore represent a best-case
scenario for testing SECM measurements of OCR, by maintaining the
value irrespective of the action of the UME.

■ RESULTS AND DISCUSSION

Self-Referencing SECM Measurements of Single Cell OCR
As a proof-of-concept of the self-referencing SECM method, we
measured single cell OCR of HeLa cells. We combined this
approach with CLSM, which allowed the use of tetramethylr-
hodamine, methyl ester (TMRM), an indicator of mitochondrial

membrane potential,49−51 which is a key bioenergetic variable
relating to cell respiration rate.

Figure 3 demonstrates the power of self-referencing SECM
for an experiment that consisted of taking 1 s ORR pulse

measurements in the vicinity of a cell (10 μm from the cell
surface) and in the bulk, repeated 30 times (with 30 s interval
between each measurement cycle). Figure 3A shows the near
cell (surface) and bulk ORR current over time; each data point is
an average of the last 20 data points, (over ca. 20 ms duration) of
the 1 s ORR pulse measurement. The absolute value of the near-
surface currents decreases over time, and a similar trend is also
observed for measurements in the bulk (Figure 3A, blue trace),
where the oxygen concentration is stable. This deterioration of
the response is attributed to electrode fouling that evidently has
a very significant effect on the UME current response over time;
such effects are rarely considered in single-cell SECM measure-
ments.

Figure 3B shows the near-surface current normalized with
respect to either the bulk current measurement preceding the
surface pulse (orange trace) or the bulk measurement directly
after the surface pulse (green) as a function of time. The traces
are similar, and normalized currents fluctuate around 0.84
(±0.03), which is the normalized current value seen when the
electrode is held at a distance (d) of ca. 10 μm from a glass
substrate (see section SI-2). Indeed, a very similar trend in the
current is also seen when these measurements are made directly
over glass (measured in M5 media) at a distance of ca. 10 μm, as
shown in the SI, Figure S-2. Similar results were seen over 30
different cells. Experiments thus demonstrate that the measure-

Figure 2. Illustrative COMSOL model, describing the domains and
boundary conditions. See text and SI section SI-4, for descriptions of
the different boundaries labeled B1−B4 and domains D1 and D2.

Figure 3. Experimental results from a self-referencing SECM
experiment. (A) Current recorded for each OCR measurement in the
bulk (blue) and in the cell vicinity (near-surface) (red). (B) Near-
surface current normalized to the current measured in the bulk, either
before the surface pulse (orange) or immediately after the surface pulse
(green). Thirty repeated measurement cycles, each of 1 s duration, and
one approach (hop) every 30 s.
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ments are rather insensitive to single-cell respiration, and the
current response is predominantly due to mass transport
hindrance into the UME/surface gap.
Does Increasing the OCR Allow Single-Cell Detection by
SECM?

To determine if it was possible to detect a definitive signal for
cell respiration using SECM, measurements were taken before
and after the addition of carbonyl cyanide chlorophenylhy-
drazone (CCCP, 2 μM). CCCP is an ionophore that uncouples
respiration from oxidative phosphorylation, thereby collapsing
the mitochondrial membrane potential and increasing cellular
OCR values.1,52,53 To verify the impact of CCCP, the cells were
additionally stained with TMRM and visualized by CLSM
during SECM measurements. As above, SECM current was
sampled for 1 s both near the cell and in bulk (self-referencing
protocol described). This procedure was repeated 50 times with
an interval of 30 s between each of the near-cell measurements.
This experiment was repeated across 4 cells, on 4 different plates,
and Figure 4 shows a typical response from one experiment in
terms of raw current in the bulk and near-surface (Figure 4A),
the normalized current (Figure 4B), and the TMRM mean
intensity at the cell and background (Figure 4C and D); 2
regions for each. CCCP was added to the bulk solution at the 10
min mark.

Before addition of CCCP, using either the presurface or
postsurface bulk pulse as the reference signal resulted in no
significant difference in the normalized currents compared to
expectations for an inert surface. As can be observed, the TMRM
fluorescence across the cell was immediately reduced to near
background levels upon the addition CCCP, which is expected
because, as mentioned above, the mitochondria membrane
potential collapses in the presence of CCCP.51 Within the

variability of these time-course measurements, there is no
detectable difference in the normalized current response before
and after addition of TMRM. This contrasts with the stable
increase in OCR seen in population-level measurements.1,52 As
TMRM is a reversible reporter,54,55 any possible recovery of
oxidative phosphorylation coupling to respiration can be
disregarded as there is no return in TMRM fluorescence. We
can reasonably assume that the cell would have a higher OCR
during the entire period of this experiment after the addition of
CCCP, but this went undetected by SECM.
FEM Modeling Highlights Inherent Limitations of SECM for
the Measurement of Single-Cell OCR

To better understand any limitation of an SECM-based OCR
measurement, we developed an FEM model to mimic the
experiment (see Methods and SI-4). In brief, we simulate the
ORR at an UME that is immersed in an aerated bulk medium
and set an OCR at a targeted cell. Figure 5 presents simulation
results from this model, for a 5 μm radius UME (a commonly
used size in SECM experiments and in this work),1,56 where
ORR is diffusion-controlled. We simulate two scenarios, where
the UME is held at 100 μm (Figure 5A) and 10 μm (Figure 5B)
over a single cell consuming oxygen at 1 × 10−11 mol s−1. This
rate is used for illustrative purposes and is ca. 106 times faster
than previously reported population-based single cell OCR
values for HeLa of 1 × 10−17 mol s−1.31,57

The simulation results shown in Figure 5 highlight that the
ORR at a platinum UME results in a much stronger oxygen sink
than the OCR at the cell undergoing respiration. This is
significant because for detectable measurements the cell needs
to “shield” the UME from part of the oxygen diffusional flux, as
discussed before in the context of SECM “shielding” (or,

Figure 4. Self-referencing SECM measurements of the OCR at a HeLa cell, with the addition of CCCP (2 μM) at 10 min, indicated with a gray dashed
line. (A) Raw bulk (blue) and surface (red) currents, with each point as an average of the last 20 points at the end of each pulse. (B) Near-cell current
normalized to the current measured with the bulk pulse, either before the surface pulse (orange) or after the surface pulse (green). (C) CLSM image of
the cell under study, stained with 50 nM TMRM. (D) Each colored line shows the mean fluorescence intensity for a given region of interest (ROI,
drawn boxes with the same colors), normalized to the background (ROI 4).

ACS Measurement Science Au pubs.acs.org/measureau Article

https://doi.org/10.1021/acsmeasuresciau.3c00019
ACS Meas. Sci. Au XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.3c00019/suppl_file/tg3c00019_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00019?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00019?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00019?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00019?fig=fig4&ref=pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.3c00019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


equivalently, “redox competition”) measurements with oxygen
detection.58,59

To measure the OCR of a cell, the SECM probe must be
affected by OCR at the cell which competes with the tip for
oxygen.59 From the FEM simulations, we can calculate how far
the oxygen gradient extends from the cell surface into bulk
solution for different OCR (without the presence of the UME).
Based on the OCR of a single HeLa cell being about 1 × 10−17

mol s−1,31,57 OCR values were explored over several orders of
magnitude around this value. The concentration profiles
extending from the cell surface into solution, normalized by
the bulk oxygen concentration, are depicted in Figure 6. At an
OCR of 1 × 10−16 mol s−1, the oxygen gradient is very shallow,
with oxygen levels changing by only 0.23% within 5 μm from the
cell at the axis of symmetry. The situation is similar for other
OCR values considered, with rates at and less than 1 × 10−16 mol
s−1, showing little change of oxygen concentration even on a
submicron scale from the surface (see Figure 6 inset).
Effect of UME−Cell Distance Directly Impacts SECM-Based
OCR Measurements
We explored whether a smaller UME would be more sensitive to
the OCR, noting that it would need to be positioned at closer
distances to the cell when operated in the shielding mode of
detection. We simulated the normalized current response of a 1
μm radius UME (RG = 10) for different UME−cell distances
and different cellular OCR values. The UME−cell distances (d),
are normalized to the UME radius (a), i.e., d/a. In Figure 7, all
currents are normalized to the case of OCR = 0 mol s−1 (no
oxygen consumption), thereby accounting for any effects arising
from hindered diffusion due to close UME−cell proximity.61

From Figure 7, we find that for smaller UME−cell distances,
there is a larger decrease in current magnitude for a given OCR.
This is expected, due to the larger intersection between the two
diffusion layers (UME and cell), resulting in the UME “sensing”
more of the cellular OCR. For an OCR of 1 × 10−17 mol s−1,
which is within the range of reported OCR for most cells,25,32

the SECM probe would need to be at a working distance of
closer than 8 μm from the cell to record a normalized current
difference between a respiring and nonrespiring cell of >0.0001.
This would require extraordinary measurement precision. For
example, for a UME with 1 μm radius and UME−cell distance of
1 μm, the change between a nonrespiring cell and a cell respiring
at a rate of 1 × 10−17 mol s−1 is only 0.157 pA, with respect to a
baseline of 663.8 pA for the nonrespiring cell. Measuring such
small differences in current values, even if ultraprecise
positioning of the SECM probe could be achieved, borders on
the impossible in any environment, let alone cell media.62 At the
self-referencing protocol employed here, with the current
sampled for 20 ms, this current difference represents the passage
of ca. 20 000 electrons, 100 times the theoretical limit, as
dictated by the shot noise (1.45 fA).63

The HeLa cells used in these FEM simulations are an
approximate realistic size, however, as the size of cells can vary.
Figure S-3 in the SI shows that even with larger cells the single-
cell OCR is not high enough to allow sensitive detection above
the typical noise level.

As shown in Figure 7, it is clear that smaller UME−cell
distances will increase the OCR measurement sensitivity, but
there is a limit as to how close the UME should be to the cell,
without undue influence from the effect of SECM-induced O2
transfer from the cell by the action of the UME.64,65 For the
UME of 1 μm radius and at a distance of 1 μm from the cell, as
deduced above, the oxygen flux toward the UME is ca. 1.72 ×
10−15 mol s−1 (based on a current of 664 pA, resulting from
simulations shown in Figure 7). This is 2 orders of magnitude
larger than the cell OCR value of 1 × 10−17 mol s−1,
demonstrating that in this experimental setup, the SECM-
based measurement significantly depletes the surrounding cell
environment of oxygen, and induces oxygen transfer from the

Figure 5. FEM-based simulation of single cell OCR and SECM-based
ORR, with the SECM probe (platinum UME, a = 5 μm) reducing
oxygen at a diffusion-limited rate, and an illustrative cell (orange
semiellipsoid) undergoing oxygen consumption (for illustration, OCR
= 1 × 10−11 mol s−1). The color gradient depicts the oxygen
concentration in solution, with the deepest red at the top of the scale
representing the bulk oxygen concentration (0.227 mM).60 (A) SECM
probe positioned 100 μm above the cell (effectively in bulk position).
(B) SECM probe held 10 μm above the cell.

Figure 6. FEM simulation of the local oxygen concentration normalized
to the bulk concentration, as a function of distance from the cell surface.
Different colored lines show results for different OCR values (mol s−1)
as shown on the key. The inset shows a magnified section of the x-axis.
Yellow line is the closest to the reported single-cell OCR of HeLa cells
(1 × 10−17 mol s−1).31
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cell to the UME, effectively making the cell an oxygen source to
the UME (vide infra).29,64,66

To further explore this aspect of the effect of the UME and the
balance between detecting the OCR and inducing oxygen
transfer out from the intracellular region, we simulated the
oxygen flux over the cell membrane of a single cell during
SECM-based OCR measurements using a 1 μm radius UME
(Figure 8).

The oxygen flux perpendicular to the cell membrane (z-axis)
was measured at the top of the cell. During respiration, oxygen is
transported from the media into the cell, resulting in a negative
flux (as defined in the model herein) across the membrane.
When the UME is brought into close proximity to the cell, the
UME ORR reaction may induce oxygen transport out of the cell
toward the electrode (Figure 8B). In Figure 8C and D, the data
for the 0 and 1 × 10−18 mol s−1 condition (yellow and blue)
overlap with those for the 1 × 10−16 mol s−1 condition,
demonstrating how close this range of the OCR is to a
nonrespiring cell. For UME−cell separations less than 12 μm,
the overall flux direction is out of the cell (induced transfer), and
the intracellular oxygen concentration decreased monotonically
at increasingly smaller distances (see Figure 8D). This shows

clearly that SECM measurements induce hypoxic cell
conditions.64,65

The simulations imply that there would be advantages to
decreasing the UME flux so as not to overwhelm the cell
respiration process. This could be achieved by reducing the
applied potential to the UME. However, operating the tip under
kinetic control would be very difficult in biological media, where
electrode fouling is problematic. Another alternative method
could be to coat the UME surface in a polymer layer with the aim
of slowing down the diffusion of oxygen at the UME,67,68

although care would be needed to ensure oxygen did not have
high solubility in the membrane, so that it would act as an oxygen
sink.
Is There an Ideal UME Size and SECM Working Distance for
Single Cell OCR?
We now consider if even smaller electrodes would be useful for
single-cell OCR measurements, noting that nanoscale UMEs
have been deployed previously for live cell SECM measure-
ments.1,21,69 Figure 9A shows the effect of normalized working
distance on UME normalized current (with respect to an inert
surface at the same UME−surface distance) over a cell with an
OCR of 1 × 10−16 mol s−1 (an order of magnitude larger than the
typical value; vide supra) for a = 0.25, 0.5, and 1 μm. The biggest
difference in normalized current between a cell undergoing
OCR and the baseline inert surface response is found with the
smallest UME radius (0.25 μm), although the effect of OCR on
the UME current is still close to negligible even at a very small
normalized distance.

Figure 7. Effect of the UME−cell distance on SECCM measurements.
The normalized currents are simulated for a UME performing ORR at a
diffusion-limited rate and a cell respiring at different OCR values.
Currents are normalized by the UME current at the same height
(UME−cell distance) with the OCR set to 0 mol s−1. (A) Normalized
current against cellular OCR. Each colored line shows current for a
given UME−cell normalized working distance (d/a). Distances are
normalized to the UME radius of 1 μm. Dashed line marks the
simulated OCR condition that is closest to the reported OCR of HeLa
cells (1 × 10−17 mol s−1).31,57 (B) Normalized current against UME−
cell normalized working distance at the simulated OCR condition that
is closest to the reported OCR of HeLa cells (1 × 10−17 mol s−1), the
dashed line in panel (A). The dashed line in panel (B) marks the
UME−cell normalized working distance of 10 (UME stationed 10 μm
from the cell surface).

Figure 8. Effect of the UME on the oxygen flux at the cell/solution
interface. Flux in the z-axis is used to represent the net oxygen flux
direction with respect to the cell surface. (A,B) Cartoon representation
of expected direction of oxygen flux when the UME is far away in bulk
(negative flux values), and when the UME is close enough to the cell, to
impact the cell oxygen flux (positive flux values). (C) Simulated z-
direction oxygen flux at the top of the cell as a function of normalized
UME−cell distances (d/a) for different OCR values. (D) Simulated
oxygen concentrations in the cell cytosol (see Figure 2, D2), normalized
to the intracellular oxygen concentration when the UME is sufficiently
far away in bulk so as not to impact the cell, for different normalized
UME−cell distances (x-axis, d/a), where the cell is respiring at different
OCR rates. In (C) and (D), the OCR rates of 0 and 1 × 10−18 mol s−1

(yellow and blue) are completely overlapped by the 1 × 10−16 mol s−1

series (green).
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The effect of SECM induced oxygen transfer from the cell
again decreases the cell cytosol oxygen concentration. Figure 9B
shows the oxygen concentration inside the cell, normalized to
the concentration at which the UME is not active (no electrode
reaction), for the different UME radii. For the smallest electrode
radius, 0.25 μm, the UME induces oxygen transfer from inside
the cell at normalized working distances smaller than 0.5, when
the cytosol oxygen concentration decreases by 4%. Oxygen
transfer from the cell is also evident at the normalized current
profiles in Figure 9A, where there is an increase in normalized
current for the 0.5 and 1 μm radius cases when the UME−cell
distance becomes sufficiently small. This is again due to the cell
acting as a local source of oxygen for the UME reaction (induced
transfer).65

These simulation results demonstrate the stringent require-
ments toward optimal SECM conditions for measuring cellular
OCR; but they highlight major practical challenges. In
particular, biofouling is more problematic with the use of
submicron, or nanoscale, UMEs (rate of diffusion to UME
proportional to a−1).70 Furthermore, for a normalized distance
of 0.5, a 0.25 μm radius UME would need to be placed 0.125 μm
above the cell with high precision. Even accepting an oxygen loss
of 4% from the cell, the UME would record a normalized current
of approx. 99.8% of that for an inert surface, for a cell respiring at
1 × 10−16 mol s−1 (an order of magnitude higher than typical,
vide supra). These measurements are thus impractical.

■ CONCLUSIONS AND PERSPECTIVE
By combining experimental self-referencing SECM measure-
ments with FEM simulations, we have elucidated significant
limitations of single-cell OCR measurements. Our experimental
results have revealed that even when self-referencing SECM is
used (which is an improvement on conventional SECM by using
the updated bulk signal throughout a measurement sequence), it
is not possible to detect the OCR practically. Furthermore, by
tracking the bulk UME response over time in these measure-

ments, we showed that the UME response deteriorated
significantly, which would greatly impact conventional SECM
measurements. Our simulations, exploring a range of SECM
conditions, have revealed that it is extremely challenging to
measure the oxygen consumption rate (OCR) at a single cell due
to the small rates and consequent tiny oxygen gradients that
result. In essence, the major challenge for single-cell OCR
measurements with SECM is how can such small oxygen fluxes
be measured without disturbing the cell function?

The optimal conditions for self-referencing SECM measure-
ment of cellular OCR result from the use of submicron sized
SECM probes, which allow closer working distances to the cell,
with increased sensitivity, but without much disturbance to the
cell physiology. These experimental conditions are recognizably
challenging, in particular, with regard to the high precision that
would be required in the approach distance and in nano-
electrode fabrication. To date, most studies involving SECM
and cells have used UMEs ranging from 0.5 to 10 μm in radius.
Although such large UMEs can be used for some SECM-based
flux measurements, without self-referencing and the aid of FEM
simulations, previous reports of the OCR measurements should
be considered semiquantitative. As a result of the work herein,
we suggest an experimental framework for single-cell SECM
OCR measurements to reduce perturbation of the cell
conditions by SECM and to account for electrode fouling for
long duration measurements.

We note that our experimental work focuses on HeLa cells,
which are known to have a reduced respiration rate due to the
cell line’s preference for glycolytic metabolism,71 therefore
practically making it more difficult to experimentally probe for
respiration. However, our FEM models were extended to cover a
wide range of the respiration rates, covering OCR found across a
range of different commonly studied cell lines and extending
beyond the expected range for single cells (1 × 10−16 mol s−1

used herein for many calculations is higher than that reported for
any single cell based on bulk measurements). Beyond the

Figure 9. (A) Simulated normalized currents against normalized UME−cell distance (d/a) for different UME radii (as defined in the key). The current
is normalized to that for a nonrespiring cell at the same distance. The inset highlights the normalized currents for normalized distances between 0 and
10. (B) The average oxygen concentration in the cell cytosol as a function of the normalized UME−cell distance. Concentrations are normalized to the
cytosol concentration when the UME is not active. The inset highlights the normalized oxygen concentration for distances between 0 and 10.
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differences in respiration rates across cell lines, cells also vary in
shape and size. As discussed, an approximate cell size for a HeLa
cell is used in this study. More realistic and varied cell shapes and
sizes could be represented using 3D simulation domains, which
would also allow probing of different regions of the cell to
determine heterogeneity across the surface; however, this is at
considerable expense of computational time.

The combination of SECM, fluorescence microscopy, and
FEM simulations offers exciting possibilities for future work,
where the SECM probe can be used as an actuator to shift cell
homeostasis in a controlled manner (supported by FEM) and
fluorescent dyes are used as quantitative reporters of the cellular
status. Furthermore, FEM models can be increasingly tailored to
better represent the biochemical and physical properties of a
cell,72 with the possibility of full 3D architecture to best account
for unique cell geometry.

■ ASSOCIATED CONTENT
Data Availability Statement

Data will be made available on reasonable request.
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00019.

Description of the HeLa cell culture and media
preparation, SECM instrumentation, cell staining and
CLSM imaging, and details of the FEM simulations,
including the effect of cell size (PDF)
COMSOL report containing details that are applicable to
all the simulations presented in paper manuscript (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Patrick R. Unwin − Bio-Electrical Engineering Innovation Hub
and Department of Chemistry, the University of Warwick,
Coventry CV4 7AL, United Kingdom; orcid.org/0000-
0003-3106-2178; Email: p.r.unwin@warwick.ac.uk

Orkun S. Soyer − Bio-Electrical Engineering Innovation Hub
and School of Life Sciences, the University of Warwick,
Coventry CV4 7AL, United Kingdom; orcid.org/0000-
0002-9504-3796; Email: o.soyer@warwick.ac.uk

Authors

Kelsey Cremin − Bio-Electrical Engineering Innovation Hub,
Department of Chemistry, Molecular Analytical Science Centre
for Doctoral Training (MAS CDT), and School of Life
Sciences, the University of Warwick, Coventry CV4 7AL,
United Kingdom

Gabriel N.Meloni− Bio-Electrical Engineering Innovation Hub
and Department of Chemistry, the University of Warwick,
Coventry CV4 7AL, United Kingdom; orcid.org/0000-
0002-2950-2464

Dimitrios Valavanis −Department of Chemistry, the University
of Warwick, Coventry CV4 7AL, United Kingdom;

orcid.org/0000-0002-8777-664X
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmeasuresciau.3c00019

Author Contributions
†K.C. and G.N.M. contributed equally

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
K.C. thanks the EPSRC for support through MAS CDT, grant
number EP/L015307/1. G.N.M. acknowledges support from
the European Union’s Horizon 2020 research and innovation
program under the Marie Skłodowska-Curie grant agreement
790615 (FUNNANO). D.V. and P.R.U. acknowledge funding
from the European Union’s Horizon 2020 research and
innovation program under the Marie Skłodowska-Curie
MSCA-ITN grant 812398, through the single entity nano-
electrochemistry, SENTINEL. P.R.U. also thanks the Royal
Society for support through a Wolfson Research Merit Award.
G.N.M., O.S.S., and P.R.U. would all like to acknowledge the
support of the Bio-Electrical Engineering Innovation Hub,
University of Warwick, funded by the UK’s Biological and
Biotechnological Sciences (grant no. BB/S506783/1) and
Engineering and Physical Sciences Research Councils.

■ REFERENCES
(1) Santos, C. S.; Kowaltowski, A. J.; Bertotti, M. Single Cell Oxygen

Mapping (SCOM) by Scanning Electrochemical Microscopy Uncovers
Heterogeneous Intracellular Oxygen Consumption. Sci. Rep. 2017, 7
(1), 11428.
(2) De Berardinis, R. J.; Chandel, N. S. Fundamentals of cancer

metabolism. Sci. Adv. 2016, 2 (5), No. e1600200.
(3) Liberti, M. V.; Locasale, J. W. The Warburg Effect: How Does it

Benefit Cancer Cells? Trends Biochem. Sci. 2016, 41 (3), 211−218.
(4) Luz, A. L.; Smith, L. L.; Rooney, J. P.; Meyer, J. N. Seahorse Xfe 24

Extracellular Flux Analyzer-Based Analysis of Cellular Respiration in
Caenorhabditis elegans.Curr. Protoc. Toxicol. 2015, 66, 25.7.1−25.7.15.
(5) Yepez, V. A.; Kremer, L. S.; Iuso, A.; Gusic, M.; Kopajtich, R.;

Konarikova, E.; Nadel, A.; Wachutka, L.; Prokisch, H.; Gagneur, J.
OCR-Stats: Robust estimation and statistical testing of mitochondrial
respiration activities using Seahorse XF Analyzer. PLoS One 2018, 13
(7), No. e0199938.
(6) Amemiya, T.; Shibata, K.; Itoh, Y.; Itoh, K.; Watanabe, M.;

Yamaguchi, T. Primordial oscillations in life: Direct observation of
glycolytic oscillations in individual HeLa cervical cancer cells. Chaos
2017, 27 (10), 104602.
(7) Dussmann, H.; Perez-Alvarez, S.; Anilkumar, U.; Papkovsky, D. B.;

Prehn, J. H. Single-cell time-lapse imaging of intracellular O2 in
response to metabolic inhibition and mitochondrial cytochrome-c
release. Cell Death Dis. 2017, 8 (6), No. e2853.
(8) Filice, F. P.; Ding, Z. Analysing single live cells by scanning

electrochemical microscopy. Analyst 2019, 144 (3), 738−752.
(9) Huang, L.; Li, Z.; Lou, Y.; Cao, F.; Zhang, D.; Li, X. Recent

Advances in Scanning Electrochemical Microscopy for Biological
Applications. Materials (Basel) 2018, 11 (8), 1389.
(10) Kita, J. M.; Wightman, R. M. Microelectrodes for studying

neurobiology. Curr. Opin. Chem. Biol. 2008, 12 (5), 491−496.
(11) Olofsson, J.; Nolkrantz, K.; Ryttsén, F.; Lambie, B. A.; Weber, S.

G.; Orwar, O. Single-cell electroporation. Curr. Opin. Biotechnol. 2003,
14 (1), 29−34.
(12) Polcari, D.; Dauphin-Ducharme, P.; Mauzeroll, J. Scanning

Electrochemical Microscopy: A Comprehensive Review of Exper-
imental Parameters from 1989 to 2015. Chem. Rev. 2016, 116 (22),
13234−13278.
(13) Zhang, J.; Zhu, T.; Lang, J.; Fu, W.; Li, F. Recent advances of

scanning electrochemical microscopy and scanning ion conductance
microscopy for single-cell analysis. Curr. Opin. Electrochem. 2020, 22,
178−185.
(14) Bard, A. J.; Fan, F. R. F.; Kwak, J.; Lev, O. Scanning

electrochemical microscopy. Introduction and principles. Anal. Chem.
1989, 61 (2), 132−138.

ACS Measurement Science Au pubs.acs.org/measureau Article

https://doi.org/10.1021/acsmeasuresciau.3c00019
ACS Meas. Sci. Au XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00019?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.3c00019/suppl_file/tg3c00019_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.3c00019/suppl_file/tg3c00019_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+R.+Unwin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3106-2178
https://orcid.org/0000-0003-3106-2178
mailto:p.r.unwin@warwick.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Orkun+S.+Soyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9504-3796
https://orcid.org/0000-0002-9504-3796
mailto:o.soyer@warwick.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kelsey+Cremin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriel+N.+Meloni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2950-2464
https://orcid.org/0000-0002-2950-2464
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dimitrios+Valavanis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8777-664X
https://orcid.org/0000-0002-8777-664X
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00019?ref=pdf
https://doi.org/10.1038/s41598-017-11956-w
https://doi.org/10.1038/s41598-017-11956-w
https://doi.org/10.1038/s41598-017-11956-w
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1002/0471140856.tx2507s66
https://doi.org/10.1002/0471140856.tx2507s66
https://doi.org/10.1002/0471140856.tx2507s66
https://doi.org/10.1371/journal.pone.0199938
https://doi.org/10.1371/journal.pone.0199938
https://doi.org/10.1063/1.4986865
https://doi.org/10.1063/1.4986865
https://doi.org/10.1038/cddis.2017.247
https://doi.org/10.1038/cddis.2017.247
https://doi.org/10.1038/cddis.2017.247
https://doi.org/10.1039/C8AN01490F
https://doi.org/10.1039/C8AN01490F
https://doi.org/10.3390/ma11081389
https://doi.org/10.3390/ma11081389
https://doi.org/10.3390/ma11081389
https://doi.org/10.1016/j.cbpa.2008.06.035
https://doi.org/10.1016/j.cbpa.2008.06.035
https://doi.org/10.1016/S0958-1669(02)00003-4
https://doi.org/10.1021/acs.chemrev.6b00067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.coelec.2020.06.001
https://doi.org/10.1016/j.coelec.2020.06.001
https://doi.org/10.1016/j.coelec.2020.06.001
https://doi.org/10.1021/ac00177a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00177a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.3c00019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(15) Bard, A. J.; Li, X.; Zhan, W. Chemically imaging living cells by
scanning electrochemical microscopy. Biosens. Bioelectron. 2006, 22 (4),
461−472.
(16) Conzuelo, F.; Schulte, A.; Schuhmann, W. Biological imaging

with scanning electrochemical microscopy. Proc. Math. Phys. Eng. Sci.
2018, 474 (2218), 20180409.
(17) Edwards, M. A.; Martin, S.; Whitworth, A. L.; Macpherson, J. V.;

Unwin, P. R. Scanning electrochemical microscopy: principles and
applications to biophysical systems. Physiol. Meas. 2006, 27 (12), R63−
108.
(18) Yasukawa, T.; Kaya, T.; Matsue, T. Characterization and Imaging

of Single Cells with Scanning Electrochemical Microscopy. Electro-
analysis 2000, 12 (9), 653−659.
(19) Grime, J. M.; Edwards, M. A.; Rudd, N. C.; Unwin, P. R.

Quantitative visualization of passive transport across bilayer lipid
membranes. Proc. Natl. Acad. Sci. U.S.A. 2008, 105 (38), 14277−14282.
(20) Salamifar, S. E.; Lai, R. Y. Use of combined scanning

electrochemical and fluorescence microscopy for detection of reactive
oxygen species in prostate cancer cells. Anal. Chem. 2013, 85 (20),
9417−9421.
(21) Takahashi, Y.; Shevchuk, A. I.; Novak, P.; Babakinejad, B.;

Macpherson, J.; Unwin, P. R.; Shiku, H.; Gorelik, J.; Klenerman, D.;
Korchev, Y. E.; et al. Topographical and electrochemical nanoscale
imaging of living cells using voltage-switching mode scanning
electrochemical microscopy. Proc. Natl. Acad. Sci. U.S.A. 2012, 109
(29), 11540−11545.
(22) Bard, A. J.; Mirkin, M. V. Scanning Electrochemical Microscopy,

Second ed.; CRC Press/Taylor & Francis, 2012; pp 96−565.
(23) Gómez-Marín, A.; Feliu, J.; Edson, T. Reaction Mechanism for

Oxygen Reduction on Platinum: Existence of a Fast Initial Chemical
Step and a Soluble Species Different from H2O2. ACS Catal. 2018, 8
(9), 7931−7943.
(24) Haider, R.; Yuan, X.; Bilal, M. Oxygen Reduction Reaction. In
Methods for Electrocatalysis: Advanced Materials; Inamuddin, Boddula,
R., Asiri, A. M., Eds.; Springer Nature, 2020; pp 375−400.
(25) Nebel, M.; Grutzke, S.; Diab, N.; Schulte, A.; Schuhmann, W.

Visualization of oxygen consumption of single living cells by scanning
electrochemical microscopy: the influence of the faradaic tip reaction.
Angew. Chem., Int. Ed. Engl. 2013, 52 (24), 6335−6338.
(26) Sánchez-Sánchez, C. M.; Rodríguez-López, J.; Bard, A. J.

Scanning electrochemical microscopy. 60. Quantitative calibration of
the SECM substrate generation/tip collection mode and its use for the
study of the oxygen reduction mechanism. Anal. Chem. 2008, 80 (9),
3254−3260.
(27) Kaya, T.; Torisawa, Y.-s.; Oyamatsu, D.; Nishizawa, M.; Matsue,

T. Monitoring the cellular activity of a cultured single cell by scanning
electrochemical microscopy (SECM). A comparison with fluorescence
viability monitoring. Biosens. Bioelectron. 2003, 18 (11), 1379−1383.
(28) Mukomoto, R.; Nashimoto, Y.; Terai, T.; Imaizumi, T.;

Hiramoto, K.; Ino, K.; Yokokawa, R.; Miura, T.; Shiku, H. Oxygen
consumption rate of tumour spheroids during necrotic-like core
formation. Analyst 2020, 145 (19), 6342−6348.
(29) Nebel, M.; Grutzke, S.; Diab, N.; Schulte, A.; Schuhmann, W.

Microelectrochemical visualization of oxygen consumption of single
living cells. Faraday Discuss. 2013, 164, 19−32.
(30) Shiku, H.; Shiraishi, T.; Ohya, H.; Matsue, T.; Abe, H.; Hoshi,

H.; Kobayashi, M. Oxygen consumption of single bovine embryos
probed by scanning electrochemical microscopy. Anal. Chem. 2001, 73
(15), 3751−3758.
(31) Wagner, B. A.; Venkataraman, S.; Buettner, G. R. The rate of

oxygen utilization by cells. Free. Radic. Biol. Med. 2011, 51 (3), 700−
712.
(32) Ruffieux, P.-A.; von Stockar, U.; Marison, I. W. Measurement of

volumetric (OUR) and determination of specific (qO2) oxygen uptake
rates in animal cell culturesMeasurement of volumetric (OUR) and
determination of specific (qO2) oxygen uptake rates in animal cell
cultures. J. Biotechnol. 1998, 63 (2), 85−95.
(33) Takahashi, Y.; Hirano, Y.; Yasukawa, T.; Shiku, H.; Yamada, H.;

Matsue, T. Topographic, electrochemical, and optical images captured

using standing approach mode scanning electrochemical/optical
microscopy. Langmuir 2006, 22 (25), 10299−10306.
(34) Torisawa, Y.-s.; Shiku, H.; Yasukawa, T.; Nishizawa, M.; Matsue,

T. Three-dimensional micro-culture system with a silicon-based cell
array device for multi-channel drug sensitivity test. Sens. Actuators B
Chem. 2005, 108 (1−2), 654−659.
(35) Smith, P. J. S.; Hammar, K.; Porterfield, D. M.; Sanger, R. H.;

Trimarchi, J. R. Self-Referencing, Non-Invasive, Ion Selective Electrode
for Single Cell Detection of Trans-Plasma Membrane Calcium Flux.
Microsc. Res. Technol. 1999, 46, 398−417.
(36) Smith, P. J. S.; Sanger, R. H.; Messerli, M. A. Principles,

Development and Applications of Self-Referencing Electrochemical
Microelectrode to the Determination of Fluxes at Cell Membranes. In
Electrochemical Methods for Neuroscience; Michael, A. C., Borland, L. M.,
Eds.; CRC Press/Taylor & Francis, 2007; p 373.
(37) Jung, S.-K.; Trimarchi, J. R.; Sanger, R. H.; Smith, P. J. S.

Development and application of a self-referencing glucose microsensor
for the measurement of glucose consumption by pancreatic β-cells.
Anal. Chem. 2001, 73 (15), 3759−3767.
(38) Osbourn, D. M.; Sanger, R. H.; Smith, P. J. S. Determination of

single-cell oxygen consumption with impedance feedback for control of
sample-probe separation. Anal. Chem. 2005, 77 (21), 6999−7004.
(39) Page, A.; Kang, M.; Armitstead, A.; Perry, D.; Unwin, P. R.

Quantitative Visualization of Molecular Delivery and Uptake at Living
Cells with Self-Referencing Scanning Ion Conductance Microscopy-
Scanning Electrochemical Microscopy. Anal. Chem. 2017, 89 (5),
3021−3028.
(40) Kai, T.; Zoski, C. G.; Bard, A. J. Scanning electrochemical

microscopy at the nanometer level. Chem. Commun. (Camb) 2018, 54
(16), 1934−1947.
(41) Kim, J.; Renault, C.; Nioradze, N.; Arroyo-Curras, N.; Leonard,

K. C.; Bard, A. J. Nanometer Scale Scanning Electrochemical
Microscopy Instrumentation. Anal. Chem. 2016, 88 (20), 10284−
10289.
(42) Fagan-Murphy, A.; Watt, F.; Morgan, K. A.; Patel, B. A. Influence

of different biological environments on the stability of serotonin
detection on carbon-based electrodes. J. Electroanal. Chem. 2012, 684,
1−5.
(43) Hanssen, B. L.; Siraj, S.; Wong, D. K. Y. Recent strategies to

minimise fouling in electrochemical detection systems. Rev. Anal. Chem.
2016, 35 (1), 1−28.
(44) Harris, A. R.; Carter, P.; Cowan, R.; Wallace, G. G. Impact of

Protein Fouling on the Charge Injection Capacity, Impedance, and
Effective Electrode Area of Platinum Electrodes for Bionic Devices.
ChemElectroChem. 2021, 8 (6), 1078−1090.
(45) Kwak, J.; Bard, A. J. Scanning electrochemical microscopy.

Theory of the feedback mode. Anal. Chem. 1989, 61 (11), 1221−1227.
(46) Zhao, L.; Sukstanskii, A. L.; Kroenke, C. D.; Song, J.; Piwnica-

Worms, D.; Ackerman, J. J.; Neil, J. J. Intracellular water specific MR of
microbead-adherent cells: HeLa cell intracellular water diffusion.Magn
Reson Med. 2008, 59 (1), 79−84.
(47) Edwald, E.; Stone, M. B.; Gray, E. M.; Wu, J.; Veatch, S. L.

Oxygen depletion speeds and simplifies diffusion in HeLa cells. Biophys.
J. 2014, 107 (8), 1873−1884.
(48) Richardson, S. L.; Hulikova, A.; Proven, M.; Hipkiss, R.; Akanni,

M.; Roy, N. B. A.; Swietach, P. Single-cell O2 exchange imaging shows
that cytoplasmic diffusion is a dominant barrier to efficient gas transport
in red blood cells. Proc. Natl. Acad. Sci. U.S.A. 2020, 117 (18), 10067−
10078.
(49) Nicholls, D. G. Mitochondrial membrane potential and aging.
Aging Cell 2004, 3 (1), 35−40.
(50) Perry, S. W.; Norman, J. P.; Barbieri, J.; Brown, E. B.; Gelbard, H.

A. Mitochondrial membrane potential probes and the proton gradient:
a practical usage guide. Biotechniques 2011, 50 (2), 98−115.
(51) Scaduto, R. C.; Grotyohann, L. W. Measurement of

mitochondrial membrane potential using fluorescent rhodamine
derivatives. Biophys. J. 1999, 76, 469−477.

ACS Measurement Science Au pubs.acs.org/measureau Article

https://doi.org/10.1021/acsmeasuresciau.3c00019
ACS Meas. Sci. Au XXXX, XXX, XXX−XXX

I

https://doi.org/10.1016/j.bios.2006.04.028
https://doi.org/10.1016/j.bios.2006.04.028
https://doi.org/10.1098/rspa.2018.0409
https://doi.org/10.1098/rspa.2018.0409
https://doi.org/10.1088/0967-3334/27/12/R01
https://doi.org/10.1088/0967-3334/27/12/R01
https://doi.org/10.1002/1521-4109(200005)12:9<653::AID-ELAN653>3.0.CO;2-S
https://doi.org/10.1002/1521-4109(200005)12:9<653::AID-ELAN653>3.0.CO;2-S
https://doi.org/10.1073/pnas.0803720105
https://doi.org/10.1073/pnas.0803720105
https://doi.org/10.1021/ac402367f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac402367f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac402367f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1203570109
https://doi.org/10.1073/pnas.1203570109
https://doi.org/10.1073/pnas.1203570109
https://doi.org/10.1021/acscatal.8b01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201301098
https://doi.org/10.1002/anie.201301098
https://doi.org/10.1021/ac702453n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac702453n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac702453n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0956-5663(03)00083-6
https://doi.org/10.1016/S0956-5663(03)00083-6
https://doi.org/10.1016/S0956-5663(03)00083-6
https://doi.org/10.1039/D0AN00979B
https://doi.org/10.1039/D0AN00979B
https://doi.org/10.1039/D0AN00979B
https://doi.org/10.1039/c3fd00011g
https://doi.org/10.1039/c3fd00011g
https://doi.org/10.1021/ac010339j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac010339j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.freeradbiomed.2011.05.024
https://doi.org/10.1016/j.freeradbiomed.2011.05.024
https://doi.org/10.1016/S0168-1656(98)00046-7
https://doi.org/10.1016/S0168-1656(98)00046-7
https://doi.org/10.1016/S0168-1656(98)00046-7
https://doi.org/10.1016/S0168-1656(98)00046-7
https://doi.org/10.1016/S0168-1656(98)00046-7
https://doi.org/10.1021/la0611763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0611763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0611763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2004.11.045
https://doi.org/10.1016/j.snb.2004.11.045
https://doi.org/10.1002/(SICI)1097-0029(19990915)46:6<398::AID-JEMT8>3.0.CO;2-H
https://doi.org/10.1002/(SICI)1097-0029(19990915)46:6<398::AID-JEMT8>3.0.CO;2-H
https://doi.org/10.1021/ac010247u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac010247u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac050326w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac050326w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac050326w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.6b04629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.6b04629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.6b04629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CC09777H
https://doi.org/10.1039/C7CC09777H
https://doi.org/10.1021/acs.analchem.6b03024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.6b03024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jelechem.2012.08.003
https://doi.org/10.1016/j.jelechem.2012.08.003
https://doi.org/10.1016/j.jelechem.2012.08.003
https://doi.org/10.1515/revac-2015-0008
https://doi.org/10.1515/revac-2015-0008
https://doi.org/10.1002/celc.202001574
https://doi.org/10.1002/celc.202001574
https://doi.org/10.1002/celc.202001574
https://doi.org/10.1021/ac00186a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00186a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/mrm.21440
https://doi.org/10.1002/mrm.21440
https://doi.org/10.1016/j.bpj.2014.08.023
https://doi.org/10.1073/pnas.1916641117
https://doi.org/10.1073/pnas.1916641117
https://doi.org/10.1073/pnas.1916641117
https://doi.org/10.1111/j.1474-9728.2003.00079.x
https://doi.org/10.2144/000113610
https://doi.org/10.2144/000113610
https://doi.org/10.1016/S0006-3495(99)77214-0
https://doi.org/10.1016/S0006-3495(99)77214-0
https://doi.org/10.1016/S0006-3495(99)77214-0
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.3c00019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(52) Campian, J. L.; Qian, M.; Gao, X.; Eaton, J. W. Oxygen tolerance
and coupling of mitochondrial electron transport. J. Biol. Chem. 2004,
279 (45), 46580−46587.
(53) Djafarzadeh, S.; Jakob, S. M. High-resolution Respirometry to

Assess Mitochondrial Function in Permeabilized and Intact Cells. J. Vis.
Exp. 2017, No. 120, No. e54985.
(54) Ehrenberg, B.; Montana, V.; Wei, M.-D.; Wuskell, J. P.; Loew, L.

M. Membrane Potential Can be Determined in Individual Cells From
the Nernstian Distribution of Cationic Dyes. Biophys. J. 1988, 53, 785−
794.
(55) Feeney, C. J.; Pennefather, P. S.; Gyulkhandanyan, A. V. A

cuvette-based fluorometric analysis of mitochondrial membrane
potential measured in cultured astrocyte monolayers. J. Neurosci.
Methods 2003, 125 (1−2), 13−25.
(56) Jeerage, K. M.; Oreskovic, T. L.; Goldstein, N.; Lauria, D. S.

Single Cell Viability Measured by Scanning Electrochemical Micros-
copy and Live/DeadTM Staining. Microsc. Microanal. 2008, 14 (S2),
952−953.
(57) Herst, P. M.; Berridge, M. V. Cell surface oxygen consumption: a

major contributor to cellular oxygen consumption in glycolytic cancer
cell lines. Biochim. Biophys. Acta 2007, 1767 (2), 170−177.
(58) Eckhard, K.; Chen, X.; Turcu, F.; Schuhmann, W. Redox

competition mode of scanning electrochemical microscopy (RC-
SECM) for visualisation of local catalytic activity. Phys. Chem. Chem.
Phys. 2006, 8 (45), 5359−5365.
(59) Fonseca, S. M.; Barker, A. L.; Ahmed, S.; Kemp, T. J.; Unwin, P.

R. Direct observation of oxygen depletion and product formation
during photocatalysis at a TiO2 surface using scanning electrochemical
microscopy. Chem. Commun. (Camb) 2003, No. 8, 1002−1003.
(60) Gnaiger, E. O2k Quality Control 1: Polarographic oxygen sensors
and accuracy of calibration; Oroboros Instruments, 2022.
(61) Bard, A. J.; Mirkin, M. V.; Unwin, P. R.; Wipf, D. O. Scanning

Electrochemical Microscopy. 12. Theory and Experiment of the
Feedback Mode with Finite Heterogenous Electron-Transfer Kinetics
and Arbitrary Substrate Size. J. Phys. Chem. 1992, 96 (4), 1861−1868.
(62) Colburn, A. W.; Levey, K. J.; O’Hare, D.; Macpherson, J. V.

Lifting the lid on the potentiostat: a beginner’s guide to understanding
electrochemical circuitry and practical operation. Phys. Chem. Chem.
Phys. 2021, 23 (14), 8100−8117.
(63) Gao, R.; Edwards, M. A.; Harris, J. M.; White, H. S. Shot noise

sets the limit of quantification in electrochemical measurements.
Current Opinion in Electrochemistry 2020, 22, 170−177.
(64) Barker, A. L.; Macpherson, J. V.; Slevin, C. J.; Unwin, P. R.

Scanning Electrochemical Microscopy (SECM) as a Probe of Transfer
Processes in Two-Phase Systems: Theory and Experimental
Applications of SECM-Induced Transfer with Arbitrary Partition
Coefficients, Diffusion Coefficients, and Interfacial Kinetics. J. Phys.
Chem. B 1998, 102 (9), 1586−1589.
(65) Gonsalves, M.; Barker, A. L.; Macpherson, J. V.; Unwin, P. R.;

O’Hare, D.; Winlove, C. P. Scanning Electrochemical Microscopy as a
Local Probe of Oxygen Permeability in Cartilage. Biophys. J. 2000, 78,
1578−1588.
(66) Gonsalves, M.; Macpherson, J. V.; O’hare, D.; Winlove, C. P.;

Unwin, P. R. High resolution imaging of the distribution and
permeability of methyl viologen dication in bovine articular cartilage
using scanning electrochemical microscopy. Biochim. Biophys. Acta
2000, 1524 (1), 66−74.
(67) Ayad, A.; Naimi, Y.; Bouet, J.; Fauvarque, J. F. Oxygen reduction

on platinum electrode coated with Nafion®. J. Power Sources 2004, 130
(1−2), 50−55.
(68) Chlistunoff, J.; Pivovar, B. Effects of Ionomer Morphology on

Oxygen Reduction on Pt. J. Electrochem. Soc. 2015, 162 (8), F890−
F900.
(69) Actis, P.; Tokar, S.; Clausmeyer, J.; Babakinejad, B.; Mikhaleva,

S.; Cornut, R.; Takahashi, Y.; Lopez Cordoba, A.; Novak, P.;
Shevchuck, A.; et al. Electrochemical nanoprobes for single-cell
analysis. ACS Nano 2014, 8 (1), 875−884.

(70) Saito, Y. A Theoretical Study on the Diffusion Current at the
Stationary Electrodes of Circular and Narrow Band Types. Rev.
Polarogr. 1968, 15 (6), 177−187.
(71) Lee, Z. W.; Teo, X. Y.; Song, Z. J.; Nin, D. S.; Novera, W.; Choo,

B. A.; Dymock, B. W.; Moore, P. K.; Huang, R. Y.; Deng, L. W.
Intracellular Hyper-Acidification Potentiated by Hydrogen Sulfide
Mediates Invasive and Therapy Resistant Cancer Cell Death. Front
Pharmacol. 2017, 8, 763.
(72) Cremin, K.; Jones, B. A.; Teahan, J.; Meloni, G. N.; Perry, D.;

Zerfass, C.; Asally, M.; Soyer, O. S.; Unwin, P. R. Scanning ion
conductance microscopy reveals differences in the ionic environments
of Gram-positive and negative bacteria. Anal. Chem. 2020, 92 (24),
16024−16032.

ACS Measurement Science Au pubs.acs.org/measureau Article

https://doi.org/10.1021/acsmeasuresciau.3c00019
ACS Meas. Sci. Au XXXX, XXX, XXX−XXX

J

 Recommended by ACS

Passive Recording of Bioelectrical Signals from Non-
Excitable Cells by Fluorescent Mirroring
Rosalia Moreddu, Francesco De Angelis, et al.
APRIL 05, 2023
NANO LETTERS READ 

Design and Fabrication of a Flexible Opto-Electric
Biointerface for Multimodal Optical Fluorescence and
Electrical Recording
Sofian N. Obaid, Luyao Lu, et al.
FEBRUARY 27, 2023
ACS APPLIED ELECTRONIC MATERIALS READ 

Electrochemical Resistive-Pulse Sensing of Extracellular
Vesicles
Rui Jia, Michael V. Mirkin, et al.
SEPTEMBER 09, 2022
ANALYTICAL CHEMISTRY READ 

Evaluating Analytical Expressions for Scanning
Electrochemical Cell Microscopy (SECCM)
Kamsy Lerae Anderson and Martin Andrew Edwards
MAY 16, 2023
ANALYTICAL CHEMISTRY READ 

Get More Suggestions >

https://doi.org/10.1074/jbc.M406685200
https://doi.org/10.1074/jbc.M406685200
https://doi.org/10.3791/54985
https://doi.org/10.3791/54985
https://doi.org/10.1016/S0006-3495(88)83158-8
https://doi.org/10.1016/S0006-3495(88)83158-8
https://doi.org/10.1016/S0165-0270(03)00027-X
https://doi.org/10.1016/S0165-0270(03)00027-X
https://doi.org/10.1016/S0165-0270(03)00027-X
https://doi.org/10.1017/S1431927608081567
https://doi.org/10.1017/S1431927608081567
https://doi.org/10.1016/j.bbabio.2006.11.018
https://doi.org/10.1016/j.bbabio.2006.11.018
https://doi.org/10.1016/j.bbabio.2006.11.018
https://doi.org/10.1039/b609511a
https://doi.org/10.1039/b609511a
https://doi.org/10.1039/b609511a
https://doi.org/10.1039/b212222g
https://doi.org/10.1039/b212222g
https://doi.org/10.1039/b212222g
https://doi.org/10.1021/j100183a064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100183a064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100183a064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100183a064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CP00661D
https://doi.org/10.1039/D1CP00661D
https://doi.org/10.1016/j.coelec.2020.05.010
https://doi.org/10.1016/j.coelec.2020.05.010
https://doi.org/10.1021/jp973370r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp973370r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp973370r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp973370r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0006-3495(00)76710-5
https://doi.org/10.1016/S0006-3495(00)76710-5
https://doi.org/10.1016/S0304-4165(00)00142-2
https://doi.org/10.1016/S0304-4165(00)00142-2
https://doi.org/10.1016/S0304-4165(00)00142-2
https://doi.org/10.1016/j.jpowsour.2003.11.064
https://doi.org/10.1016/j.jpowsour.2003.11.064
https://doi.org/10.1149/2.0661508jes
https://doi.org/10.1149/2.0661508jes
https://doi.org/10.1021/nn405612q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn405612q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5189/revpolarography.15.177
https://doi.org/10.5189/revpolarography.15.177
https://doi.org/10.3389/fphar.2017.00763
https://doi.org/10.3389/fphar.2017.00763
https://doi.org/10.1021/acs.analchem.0c03653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c03653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c03653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.3c00019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c05053?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acsaelm.2c01732?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.2c01216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
http://pubs.acs.org/doi/10.1021/acs.analchem.3c00216?utm_campaign=RRCC_amachv&utm_source=RRCC&utm_medium=pdf_stamp&originated=1690420505&referrer_DOI=10.1021%2Facsmeasuresciau.3c00019
https://preferences.acs.org/ai_alert?follow=1

