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Changes in HeLa cell morphology, membrane permeability, and
viability caused by the presence of Triton X-100 (TX100), a nonionic
surfactant, were studied by scanning electrochemical microscopy
(SECM). No change in membrane permeability was found at con-
centrations of 0.15 mM or lower during an experimental period
of 30 to 60min. Permeability of the cell membrane to the otherwise
impermeable, highly charged hydrophilic molecule ferrocyanide
was seen starting at concentrations of TX100 of about 0.17 mM.
This concentration level of TX100 did not affect cell viability. Based
on a simulation model, the membrane permeability for ferrocya-
nide molecules passing though the live cell membrane was 6.5�
2.0 × 10−6 m∕s. Cells underwent irreversible permeabilization of
the membrane and structural collapse when the TX100 concentra-
tion reached the critical micelle concentration (CMC), in the range
of 0.19 to 0.20 mM. The impermeability of ferrocyanide molecules
in the absence of surfactant was also used to determine the height
and diameter of a single living cell with the aid of the approach
curve and probe scan methods in SECM.
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Detergents are widely used in biology for protein extraction
from cell membranes, in the crystallization of proteins, as

stabilizing and denaturing agents, and as membrane permeabiliz-
ing agents. Triton X-100 (TX100) is one of the most widely used
nonionic surfactants for lysing cells to extract protein and other
cellular organelles or to permeabilize the living cell membrane
for transfection (1–3). However, if large amounts are added or
the cells are subject to prolonged exposure to TX100, the cells
die (4–7). This toxicity of TX100 molecules arises because of
the disrupting action of its polar head group on the hydrogen
bonding present within the cell’s lipid bilayer, leading to the
destruction of the compactness and integrity of the lipid mem-
brane. The insertion of detergent monomer into the lipid mem-
brane begins at low concentrations. This leads to a disruption of
cellular structure and eventual overpermeabilization of the cell
membrane at concentrations above the critical micelle concentra-
tion (CMC) from the bilayer–micelle transition. Because cell
viability is extremely sensitive within a narrow range of surfactant
concentrations, especially near LD50, controlling the TX100 con-
centration for transfection, e.g., the introduction of hydrophilic
species without damaging cells, is difficult. Moreover, cholesterol
or similar molecule-rich membrane domains are reported to be
more tolerant toward detergents such as TX100 molecules in
comparison to other parts of the lipid bilayer. (8–14).

Scanning electrochemical microscopy (SECM) has found in-
creasing application in recent years to the study of living cells
as well as biological systems in general (15). A number of studies
have dealt with the permeability of redox species into the live
cell. These have shown that highly charged hydrophilic molecules
such as RuðNH3Þ63þ, RuðCNÞ64−, FeðCNÞ64−, and FeðCNÞ63−, as
well as ferrocene carboxylate, cannot penetrate the intact cell
membrane while hydrophobic molecules such as menadione,

1,2-napthaquinone, and MV2þ can. Thus while the molecules fer-
rocene methanol and tetramethyl-p-phenylenediamine (TMPD)
show positive feedback behavior in SECM, signaling reduction of
the oxidized form from interacting with the cell, molecules such
as CoðbpyÞ32þ and CoðphenÞ32þ, show negative feedback over
live HeLa cells. Redox molecules inside the cell have also been
shown to exchange electrons with redox molecules outside the
membrane in the solution (16). SECM has also been used to find
the local permeability of an isolated Xenopus oocyte nucleus for
redox molecules as >9.8 × 106 molecules∕Nuclear. Pore Com-
plex (NPC)/s (17). Fully automated time lapse SECM monitored
single Hep G2 cell topography in the presence of antifreeze
proteins over a period of 8 h at 4 °C (18). SECM has also been
used in the induced transfer mode to measure the permeability of
MV2þ through bovine articular cartilage, while topographic in-
formation was obtained with the membrane impermeable to
RuðCNÞ64− as a redox mediator (19). Heterogeneity in the per-
meability of oxygen across cartilage has also been observed by
SECM imaging especially near the μm-size cellular and pericullar
domain (20).

Although there have been many quantitative studies of the
TX100 molecule and its interaction with artificial lipid bilayers
(21–25), there have been none with a living cell membrane
and its behavior in terms of its permeability, morphology, and
metabolic behavior in real time. We report here how the single
live cell permeability and morphology are affected by TX100, the
most commonly used surfactant for permeabilization in many
fluorescent and toxicological studies. Most modern studies are
based on fluorescent tagging of antibodies in which one of the
essential steps involved is to permeabilize the cell membrane
by a surfactant to access the cellular interior targeted by the anti-
body fluorescent tag. Yet little is known about what happens to
the cell when its membrane is permeabilized. Moreover, almost
all the studies have been designed to show the permeability of
redox species, but there are no reports on the effect of nonelec-
troactive species on cellular permeability. In this work we provide
quantitative data on the permeability of the cell membrane in
the presence of nonelectroactive molecules like TX100 as well
as how this permeability actually affects the hydrophobicity of
the cellular membrane.

Results
Fluorescence-Based Cell Viability. The cytotoxicity of TX100 on
HeLa cells were recorded at different concentrations for 5, 10
and 15 min (Fig. S1A). The TX100 molecules were known to form
micelles in the 0.22 to 0.24 mM range (26). In our cytotoxic test
the cell viability dropped sharply when the TX100 concentration
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reached close to the CMC. Because the viability test was based on
the integrity of the cell membrane, the micelle clearly showed a
greater detergent action on the lipid bilayer than the individual
surfactant molecule and hence was more toxic (27). Thus most of
the studies by SECM were performed in the concentration range
below the CMC to have enough time to observe the permeabiliz-
ing action on the cellular membrane by TX100 molecules.

Cellular Topography Without Surfactant.HeLa cells, when alive, are
anchored to the surface of the Petri dish and tend to be stretched
out to maintain their normal cellular functions. Hence with the
aid of SECM, the height and diameter of the cells on the dish
surface could be measured. Fig. 3 shows the cellular topography
obtained from an x-scan SECM experiment. Here, a highly hydro-
philic charged ion like ferrocyanide, and hence impermeable,
was used as redox mediator. When the tip was scanned over the
cell (Fig. 3A), the diffusion of ferrocyanide molecules to the tip
was blocked (so-called negative feedback) (15) depending on
the topographical variation of the living cell, so the diameter,
shape, and size of the cell could easily be determined. X-scan data,
i.e., current vs. absolute distance in the x-direction scan (Fig. 3B),
can be converted to cellular height vs. absolute x-direction distance
with the aid of a simulated negative feedback approach curve
on the dish. By using experimental data, cell height was deter-
mined to be 9 to 12 μm and the diameter was in the range of
50 to 60μm.Simulated x-scan datawas fittedwith the experimental
data with a precision range of �1 μm (Fig. 3B).

Because SECM gives z-direction topographic feature informa-
tion very accurately, approach curves on a single cell were carried
out to obtain additional cell heights. Fig. 3D shows the compara-
tive approach curve on the dish and single cells. To confirm the
cell height the simulated approach curve had been fitted with
both experimental approach curves. From the fitting in Fig. 3D
the cell height was 14� 1 μm. Details about the Comsol Multi-
physics Simulation model and parameters (Fig. S4) can be found
in SI Text.

Cell Membrane Permeability. SECM scans as above were carried
out in the presence of TX100. Here, the 10 μm Pt tip was scanned
in the x-direction over a single cell at a fixed height of approxi-
mately 16 μm and at a potential of 0.35 V. The current-distance
profile with respect to time in the presence of 0.17 mM and
0.19 mM TX100 and 4 mM ferrocyanide was obtained as shown
in Fig. 4 A and B. The normalized minimum current or the peak
current against the background current from the x-scan was

plotted against time, including results with 1.9 mM TX100, is
shown in Fig. 4C. In the presence of 0.19 mM of TX100 (Fig. 4C)
the normalized peak current went to the background current
(iT;∞) within 2 min. This result clearly indicates that TX100 at
these concentrations was lethal to cells causing the cell mem-
brane to break apart and detach completely from the surface of
the Petri dish. When 0.17 mM TX100 was added, however, the
normalized minimum current decreased about 20% from the
pre-TX100 treatment before essentially recovering after about
20 min in some cases. The recovery period and state of recovery
varied from cell to cell as shown in Fig. 4C. The observed current
decrease could be attributed to either an increase in permeability
of the cell membrane or to an increase in topographical height.
If the permeability increase model was correct, then the decrease
was due to competitive consumption of ferrocyanide molecules
both by SECM tip and by the cell. The rise of minimum current
or the peak current to the pre-TX100 current level after 20–
30 min may signal the cessation of competitive consumption of
ferrocyanide molecules. This would indicate recovery of the cell
membrane from the permeabilization action of 0.17 mM TX100
without the cell dying.

The cell height and topographic features from the x-scan in the
absence of surfactant yielded a cell diameter and height of 50 μm
and 10 μm, respectively. Permeability parameters for the cell
membranes or boundaries were then introduced into the simula-
tion model. The simulated x-scan data was then fitted with the
experimental data at the same fixed height. Because the perme-
ability changed with the exposure time of cells to 0.17 mM
TX100, simulations were done to fit each curve to determine the
permeability of the membrane at that particular time. This gave
a range of permeability values from 4.0 to 8.7 × 10−6 m∕s for
the ferrocyanide molecules permeating through a live cell mem-
brane. Hence, with the average permeability value of 6.5�
2.0 × 10−6 m2∕s, number of ferrocyanide molecules inside a single

Fig. 1. Experimental setup for SECM experiment. The tip used was 10 μm
Pt (RG ∼ 5). Counter and reference electrode was 0.5 mm Pt wire and Hg∕
Hg2SO4 respectively.

Fig. 2. (A and B) 4 mM ferrocyanide was used as redox couple to perform
the negative feedback approach curve on the petri dish. (Inset) HeLa
cells were cultured in a 1.5 cm spot on a Petri dish. (C) SECM image of a
single living HeLa cell (red circle). Lower current (red color) over the cell
signifies the cell was sticking out of the dish. Cells were found and identified
by SECM image at a constant height of 16 μm away from dish and at þ0.5 V
potential vs. Hg∕Hg2SO4 in presence of 4 mM of ferrocyanide in HEPES
buffer (as described in cell culture subsection).
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Fig. 3. (A) Tip-dish distance was adjusted to approximately 16 μm and then scanned over a single cell in x-direction at ET ¼ 0.5 Vwith 4 mM of ferrocyanide in
solution. (B) Cellular topography observed by x-scan experiment (solid line) on single cell at ET ¼ 0.5 Vwith 4mM ferrocyanide in buffer. The x-axis distance was
an arbitrary unit. Y-axis current was normalized against background current over dish. The simulated x-scan data fit with experiment data for the following
simulation parameters: tip: 10 μm (RG ¼ 10); bulk concentration: 4 mM; tip-dish distance: 16 μm; cell diameter: 60 μm; cell height: 9.8 μm. The simulation
was performed in 2D-axial symmetry using Fick’s second law of diffusion. The cell height was determined by simulated data fitting with experimental ones.
(C) Approach curves over dish and over single cell at ET ¼ 0.5 V with 4 mM ferrocyanide in buffer. (D) Experimental approach curves on dish and HeLa cell
compared to simulated approach curves for total negative feedback.

Fig. 4. X-scan experiments with (A) 0.17 mM or (B) 0.19 mM TX100 and 4 mM ferrocyanide in solution. (C) Normalized peak current was plotted
against time for different concentrations of TX100 exposed to HeLa cell. Permeability of a single cell in presence of 0.17 mM TX100 was fitted to be
6.5� 2.0 × 10−6 m∕s.
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cell after 32 min was determined to be 1.06� 0.54 × 106 in pre-
sence of 0.17mMTX100. This model assumed that the cells main-
tained their integrity, i.e., the cell height and diameter were
constant throughout the experiment. The permeability, P, is de-
fined here as the velocity of a molecule of interest through amem-
brane; where P ¼ KD∕L, K is the partition constant between the
molecule and the membrane, D is the diffusion coefficient of the
molecule, and L is the length through which the molecule travels,
i.e., the thickness of the membrane. Because the SECM tip was
always held at the potential for ferrocyanide oxidation, the tip was
not sensitive to ferricyanide, so only the ferrocyanide molecules
permeating through the cell membrane effect the SECM tip cur-
rent. Details of the simulation model (Fig. S4) are given in SI Text.

Cellular Topography in Presence of TX100. SECM approach curves
have been used in many previous studies to estimate surface to-
pography. During the probe scan experiment the tip was moved
over the cell at a very slow scan rate (∼5 μm∕s). The decrease of
current that was observed might have occurred due to an increase
in cell height, e.g., by swelling of the cell volume, but may also
have been caused by changes in permeability of the membrane.
To distinguish between these effects, time dependent approach
curves on a single cell were performed in the presence of different
concentrations of TX100 as shown in Fig. S2A. For a z-scan rate
of approximately 5 μm∕s, the time to record a single approach
curve takes about 20 sec. Fig. S2B represents the actual cell
height variation with time. The cell height was taken as the
difference between the approach curve to the Petri dish and to
single cell. The average cell height was 10� 2 μm. Cells exposed
to 0.17 mM or less of TX100 solution, the z-direction topography,
and the cellular height did not change significantly from that in
its absence. When 0.19 mM of TX100 was added, the cells started
losing their topographical features as seen in Fig. S2B, where the
cell height approached zero after 30 min of exposure to 0.19 mM
of TX100. This shows a loss of viability at this concentration, as
also observed in the fluorescence-based viability tests (Fig. S1).
This demonstrates that obtaining SECM approach curves on a
single cell is a good technique to monitor the cell height.

Current-time (iT vs. t) Response Over a Single Cell.These curves were
taken to study effects at longer times. Fig. S3B shows a iT vs. t
response curve when the 10 μm tip was held approximately
5 μm away from the surface of the cell in presence of 4 mM fer-
rocyanide and 0.17 mMTX100. The current recorded was plotted
against time with the tip both above the cell and at approximately
500 μm away from the dish (Fig. S3C). The current above the cell
decreases with time while the bulk current remains constant
throughout the experimental time period. This indicates that
the cells consume ferrocyanide molecules competitively with the
tip held at the diffusion-controlled potential. No change in the
cell height was also confirmed from the approach curve before
and after 40 min of exposure of 0.17 mM TX100 (Fig. S3D).

Discussion
When the concentration of TX100 is below the CMC range (i.e.
0.17 mM and less) the surfactant may act as a permeabilizing
agent depending on the dose and duration of exposure to cells.
This is a good range for transfection of the cell with an added
agent, but prolonged exposure to cells even at these low concen-
trations can lead to some cell death. When concentrations of
TX100 in the CMC range, >0.18 mM, are used, the cell mem-
brane disintegrated causing a collapse of the entire cell structure
and cell death within a few minutes.

SECM allows one to follow a series of changes a cell undergoes
in terms of its size, shape, and membrane permeability. At
0.17 mM or lower TX100 concentration provides enough time to
study the cell behavior and allows interpretation of the data.
When 0.17 mM TX100 solution is added to the cell, the mem-

brane first becomes permeabilized sufficiently to allow hydrophi-
lic molecules, like ferrocyanide, to permeate the cell membrane,
while the cell height remains unaffected. Even when exposed for
a long time (≥20 min) cells recover from membrane damage
after the surfactant is removed. Occasionally the cell undergoes
a reduction in height during its recovery from periods of in-
creased permeability. When 0.20 mM TX100 is added, the cell
membrane becomes “overpermeabilized” within 1 min, when
irreversible damage from the surfactant occurs. Eventually the
cell loses its integrity and collapses, which can be observed by
SECM as a higher current in an x-scan or an approach curve very
much the same as the approach taken over the dish. Solubiliza-
tion of the lipid bilayer may be caused by disruption of the
lipid–lipid interaction due to enhanced lipid-detergent micelle
interactions. The insertion of individual detergent molecules
or small aggregates at concentrations just below the CMC causes
the membrane to become more permeable to a wide variety of
molecules which otherwise cannot enter inside the cell allowing
transfection. However at detergent concentrations where mi-
celles form (at or above the CMC range), rapid breakdown of
the membrane occur (11, 28–31).

Materials and Methods
Chemicals. All of the chemicals were used as received. K4½FeðCNÞ6� · 3H2O,
MgSO4, CaSO4 and K2SO4 were obtained from Fisher Scientific. D-glucose,
HEPES and TX100 (T 9284) were from Sigma-Aldrich. All solutions were made
with 18 MΩ Milli-Q (Millipore) reagent water.

Cell Culture. HeLa cells were purchased from ATCC (catalog number CCL-2)
and cultured as per instructions provided by ATCC. In brief, cells were grown
and maintained in “ATCC-formulated Eagle’s Minimum Essential Medium”
(ATCC 30-2003) culture medium supplemented with 10% fetal bovine serum
(ATCC 30-2020) on tissue culture Petri dish (Falcon 353801). Temperature
was maintained at 37 °C in a water jacketed incubator (model 2310, VWR
Scientific) with 95% air and 5% CO2.

Cell coverage of about 50% on the Petri dish was used in all the experi-
ments. When appropriate cell coverage was obtained, the dish was taken out
of the incubator and the cells were washed with buffer solution (10mM
HEPES, 5.55 mM glucose, 75 mM Na2SO4, 1 mM MgSO4 and 3 mM K2SO4)
twice and then incubated with 1 mL of buffer solution at room temperature
for 1 h. The buffer solution was then replaced by the appropriate experimen-
tal solution prepared with buffer.

Fluorescent Based Viability Assay. The fluorescent based viability assay kit
(Biotium Inc.) was used to detect living and dead cells simultaneously in the
sample. This assay employs two dyes, calcein AM (green dye) and EthD-III
(red dye). Calcein AM has the ability to pass through an intact cell membrane
and react with the intracellular enzyme esterase, which converts it into
an intensely green fluorescent calcein dye (excitation/emission 495 nm∕
515 nm). The polyanionic calcein dye remained confined inside intact cell
membranes so the living cells were easily visible though an inverted micro-
scope (Eclipse TE300 Nikon Inverted Microscope, Melville, NY). EthD-III could
permeate only through damaged membranes and reacted with intracellular
nucleic acid to emit intense red fluorescence inside dead cells (excitation/
emission 530 nm∕635 nm). This assay was very useful for detecting both live
and dead cells at the same time without any pretreatment of the samples.
In this work, 1 mL of 2 μM calcein AM and 4 μM EthD-III was used to detect
the viability of the cells either without, or in presence of, different concen-
trations of TX100 for different periods of time. The green and red stained
cell photos were then processed by Image J software (available from the
NIH website) to count the number of live and dead cells.

SECM Experiments. Electrochemistry and electrode fabrication. Ultramicroelec-
trodes (UME) of 10 μm diameter platinum wire disks (Goodfellow Cambridge
Limited, UK) were used in the experiments. Detailed steps for fabrication
and characterization have been reported elsewhere (15). 0.5 mm Pt wire
(Goodfellow Cambridge Limited, UK) andHg∕Hg2SO4 (Radiometer, Copenha-
gen)wereused as counter and reference electrodes respectively. All potentials
reported here were referred to Hg∕Hg2SO4. The SECM (model 900B, CH
Instruments, Austin, TX) was used for all electrochemical experiments.

X-scan over single cell experiment. HeLa cells were cultured in approximately
one 1 cm spot on the petri dish inside the incubator until the cell coverage
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was about 50%. The cells were washed with buffer solution twice and then
incubated with buffer solution for 1–2 h at room temperature. During that
time period the petri dish with cells, tip, reference electrode, and counter
electrode were set up on a SECM stage as shown in Fig. 1. The buffer-only
solution was then replaced by a 4 mM ferrocyanide solution prepared with
the same buffer. Approach curves were obtained at 0.5 V at three different
points outside the cellular spot to adjust the tilt of the SECM stage. Tip-sub-
strate (petri dish) distance, as shown in Fig. 1, was determined by negative
feedback approach curve using FeðIIÞ∕FeðIIIÞ as redox couple (Fig. 2 A and B).
The HeLa cells were then located by constant height (16–20 μm) SECM
imaging with ferrocyanide as redox mediator at 0.5 V (Fig. 2C). The location
of a single cell in the x-y direction was then narrowed down by x and y
scanning of the tip at a fixed height (∼16 μm) and potential (at 0.5 V) over
the cell at a speed of 5 μm∕s. No TX100 was added to the cells at this
time. After identifying a cell, the 4 mM redox solution was then replaced
by a solution containing different concentrations of TX100 along with
4 mM ferrocyanide. An x-direction scan was then carried out over that
particular single cell several times.

Approach curve over single cell experiment. The method was nearly identical
to that above. In brief the cells were found by SECM imaging and then the x-y
scan was zoomed in for higher resolution. The tip was then moved above a
cell and an approach curve was done at 0.5 V over the single cell with 4 mM
ferrocyanide only in the solution to obtain topographic information. The
redox solution then was replaced by different concentrations of TX100
and 4 mM ferrocyanide solution and approach curve experiments were
performed over the cell for different periods of time.

I-t experiment over single cell. The cells were first put on the SECM stage and
approach curve and x-scan experiments were performed with redox media-
tor only in solution as described previously. The 10 μm Pt tip was then held at
a constant height (∼5 μm above the highest point of the cell) and current was
recorded at a constant potential of 0.5 V for 120 s every 5 min. The current in
the bulk solution, 500 μm away from the cells, was also recorded by following
the same procedures.

Simulation. The simulation was performed with Comsol Multiphysics 3.3 on a
2.8 GHz Intel Pentium IV processor and 2 GB RAM desktop PC. Details about
the simulation model are given in SI Text.

Conclusions
Any concentration of TX100 at or above its CMC concentration
(0.18 to 0.24 mM) in the solution is fatal to HeLa cells. This
can be observed by SECM and confirmed by fluorescent tests.
Damage to the cell membrane was irreversible when the cells
were exposed to TX100 concentrations above CMC concentra-
tion for 10 to 30 s. However, no such effect on cell membrane
permeability was observed at a concentration significantly lower
(<0.15 mM) than the CMC.

When the concentration of TX100 was at or near 0.17 mM,
the HeLa cell membranes became permeable after an exposure
of less than 20 min. After this exposure, the cells were able to re-
cover upon removal of surfactant solution. The permeability was
estimated to be 6.5� 2.0 × 10−6 m2∕s when exposed to 0.17 mM
TX100 for 32 min. Within this permeability range highly charged
hydrophilic redox molecules, such as ferrocyanide, were able
to pass through a live cell membrane, which would otherwise
be an impermeable barrier to these redox mediators. The number
of ferrocyanide molecules passed through single cell membrane
after 32 min was calculated to be 1.06� 0.54 × 106 in presence
of 0.17 mM TX100. Thus SECM can provide not only cell
viability information at the single cell level but can also give
quantitative information about the cell membrane permeability.
The generality of these guidelines for transfection of other cells
is under investigation.
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