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bstract

Scanning electrochemical microscopy (SECM) is useful in probing and characterizing interfaces at high resolution. In this paper, the general
rinciples of this technique are described and several applications of SECM to biological systems, particularly to living cells, is discussed,
long with several example systems. Thiodione was detected and monitored electrochemically during the treatment of hepatocytes with cytotoxic
enadione. The antimicrobial effects of silver(I) was followed by SECM through bacterial respiration. Living HeLa cells were shown to accumulate

errocencemethanol (FcMeOH) and generated positive feedback for FcMeOH oxidation that can be further used to monitor the cell viability. Finally,
ndividual giant liposomes, as cell models, with encapsulated redox compounds were successfully probed by SECM. In general SECM has the
dvantage of very high spatial resolution and versatility, especially for the detection of electroactive substances.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The ideal biosensor is usually characterized as being robust,
elective, reproducible and sensitive (with a large dynamic
ange). If it is to be used to characterize complete biological

ystems, like cells, when coupling and synergies can be probed,
t should also show good temporal and spatial resolution.

We describe here the principles of scanning electrochemi-
al microscopy (SECM), which has already found many appli-
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ations in characterizing many different kinds of systems
e.g. electrode surfaces, liquid/liquid interfaces and biological
amples), including surface structures in liquid environments
ith micrometer and nanometer resolution (Bard and Mirkin,
001). SECM combines the virtues of electrochemistry at very
mall electrodes (ultramicroelectrodes), such as minimization
f uncompensated resistance and capacitive effects, with those
f an adjustable thin layer cell. The latter twin-electrode aspect
f SECM allows one to make steady-state measurements of the

ype previously carried out with the rotating ring–disk electrode,
ut with considerably greater ease in fabrication and with com-
arable mass transfer rates, without the requirement of forced
onvection. Moreover, the theory of SECM is well-developed

mailto:asn@mail.utexas.edu
dx.doi.org/10.1016/j.bios.2006.04.028
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ith several different computer simulation methods described,
o that one can utilize the current–distance (approach) curves
bove a substrate to obtain the distance between tip and surface
ith high accuracy as well as quantitative kinetic information

bout surface processes or reactions in solution. SECM is also
seful for imaging and studying the uptake or release of chem-
cal species from a surface (chemical imaging) and described
elow for processes in cells. Through monitoring the behavior
f electrochemically active species, SECM generates real-time
nformation with high spatial resolution, selectivity and versa-
ility. In this paper, we will briefly describe the principles and
ractice of SECM. We then discuss its application to studies of
he intake and efflux of material from bacterial and mammalian
ells. We conclude with preliminary studies of using SECM to
robe inside of cells.

. Principles of the scanning electrochemical microscope

SECM is different than other scanning probe methods, like
canning tunneling and atomic force microscopy, in that it
ses well-developed electrochemical methods to probe, quan-
itatively, the chemistry of a system. The technique is based on
he measurement of the current through an ultramicroelectrode
UME) (an electrode with a radius, a, usually on the order of
–25 �m) when it is held or moved in a solution in the vicinity
f a substrate. For a conductive disk of radius a in an insulating
heath, this steady-state diffusion-controlled current when the
ip is far from a surface is given by:

T,∞ = 4nFDca (1)

here D is the diffusion coefficient of species O, c, its concen-
ration, n, the number of electrons passed per mole of O and F
s the Faraday’s constant. The current at electrodes with other
hapes, e.g. hemispheres or cones, can be expressed in a similar
ay. The current is also relatively independent of the radius of

he insulating sheath, rg, often expressed in the SECM literature
s RG = rg/a. Moreover, because the flux of O to a small disk
y diffusion, which is ∼Dc/a, is quite large, the current is rela-
ively immune to convective effects like stirring in the solution.
he current at a small disk also reaches steady state in a rela-

ively short time (∼a2/D). For example, a 10 �m radius disk will
ttain steady state in a fraction of a second. These characteris-
ics imply that an ultramicroelectrode used as a scanning tip and

oved in a solution can be treated as an electrode whose current
as attained steady state. Finally, because of the small currents
hat characterize most experiments with UME tips, generally pA
o nA, resistive drops in the solution during passage of current
re generally negligible.

Substrates, which can be solid surfaces of different types
e.g. glass, metal, polymer and biological material) or liquids
e.g. mercury and immiscible oil), perturb the electrochemical
esponse of the tip when it is near the surface and this response

rovides information about the nature and properties of the sub-
trate. The development of SECM depended on previous work
n the use of UMEs in electrochemistry and the application of
iezoelectric elements to position a tip, as in scanning tunnel-
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ng microscopy (STM). Certain aspects of SECM behavior also
ave analogies in electrochemical thin layer cells and arrays of
nterdigitated electrodes.

The movement of the tip is usually carried out by drivers
ased on piezoelectric elements, similar to those used in STM.
ypically inchworm drivers or stepping motors are used, since

hey can move larger distances than simple piezoelectric tube
canners. However, when higher resolution is needed, piezo-
lectric pushers can be added so that the inchworms and motors
rovide “coarse” drives and the pushers give nm resolution.
enerally, the direction normal to the substrate is taken as the

-direction, while x and y are those in the plane of the substrate.
There are several modes of operation of the SECM. In the tip

eneration–substrate collection (TG/SC) mode, the tip is used
o generate a reactant that is detected or reacts at a substrate.
or example, the reaction O + ne → R occurs at the tip and the
everse reaction occurs at the substrate. This mode of opera-
ion is similar to that at the rotating ring–disk electrode. Similar
ehavior is seen with a pair of side-by-side microband electrodes
nd in thin layer cells. An alternative mode, where the substrate
s the generator and tip the collector (SG/TC mode) can also
e employed and used to detect species formed at the substrate.
he SG/TC mode was first used to study concentration profiles
ear an electrode surface without scanning and imaging and the
eedback effects described below (Engstrom et al., 1986, 1987,
988).

A frequent mode of operation of the SECM is the feedback
ode, where only the tip current is monitored. Here, the tip cur-

ent is perturbed by the presence of a substrate at close proximity
y blockage of the diffusion of solution species to the tip (nega-
ive feedback) and by regeneration of O at the substrate (positive
eedback). This effect allows investigation of both electrically
nsulating and conducting surfaces and makes possible imag-
ng of surfaces and the reactions that occur there. This mode of
peration with surface imaging was first described, along with
he apparatus and theory, in a series of papers (Bard et al., 1989;
wak and Bard, 1989a,b). The general principles of the feedback
ode are shown in Fig. 1. As shown in Eq. (1), the current, iT,∞,

s measured at the ultramicroelectrode tip when it is far from any
urface (A) and the subscript, ∞, implying this long distance. In
act, long distance effects are seen when this distance is only a
ew tip diameters. The current under these conditions is driven by
he hemispherical flux of species O from the bulk solution to the
ip (Fig. 1A). When the tip is brought near an electrically insulat-
ng substrate, like a piece of glass or inert membrane (Fig. 1C),
he substrate blocks some of the diffusion of O to the tip and the
urrent will decrease compared to iT,∞. The closer the tip gets
o the substrate, the smaller iT becomes. At the limit when the
istance between tip and substrate, d, approaches zero, iT also
pproaches zero. This decrease in current with distance is called
egative feedback. When the tip is brought near an electrically
onductive substrate, like a piece of platinum or an electrode,
hile there is still blockage of diffusion of O to the tip by the
ubstrate, there is also the oxidation of the product R back to O.
his O generated at the substrate diffuses to the tip and causes
n increase in the flux of O compared with iT,∞. Thus, with a
onductive substrate iT > iT,∞. In the limit as d approaches zero,
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reduce) the molecules ejected from the cell to obtain informa-
ig. 1. (A) Diffusion to tip far from surface, (B) positive feedback at conductive
urface and (C) negative feedback at insulating surface.

he tip will move into a regime where electron tunneling can
ccur and the tip current will get very large. This increase of
urrent with decreasing distance is called positive feedback. A
lot of iT versus d, as a tip is moved in the z-direction is called
n approach curve.

A quantitative description of approach curves can be obtained
y solving the diffusion equations for the situation of a disk elec-
rode and a planar substrate (Kwak and Bard, 1989a,b). Typical
pproach curves for a conductive substrate (essentially infinite
ate of regeneration of O from R) and an insulating substrate
zero rate of regeneration of O) are shown in Fig. 2. These
urves are given in dimensionless form by plotting IT = iT/iT,∞
the tip current normalized by the current far from substrate)
ersus L = d/a (the tip–substrate separation normalized by the
ip radius). Since this plot involves only dimensionless vari-
bles, it does not depend upon the concentration or diffusion
oefficient of O. From these curves one can readily find d from
he measured IT and a knowledge of a. The approach curves
or an insulator actually also depend upon rg, since the sheath
round the conducting portion of the electrode also blocks diffu-
ion, but this effect is not usually important with most practical
ips. Note that while SECM has some characteristics in common

ith other scanning probe methods, like STM, it has the advan-

age of allowing one to determine, quite accurately, the distance
etween tip and substrate. Its response also depends upon well-

t
1
P

ig. 2. Normalized approach curves IT (=iT/iT,∞) vs. L (=d/a) for: (A) conduc-
ive and (B) insulating substrate.

efined chemical reactions at the tip rather than resulting from
unneling.

By scanning the tip in the x–y plane and measuring current
hanges (the constant height mode) (or, less frequently, by main-
aining a constant current and measuring the changes in d in

constant current mode) one can obtain topographic images
f conducting and insulating substrates. The resolution of such
mages is governed by the tip radius, a, and d. Of particular inter-
st is the use of SECM to perform “chemical imaging”, and note
ifferences in reaction rates at different locations on a surface.
his mode is useful in studying biological materials (e.g. living
ells) and surfaces that have active and passive sites.

. SECM investigations of cells

A number of electrochemical methods have been developed
o study processes occurring in biological systems. For exam-
le, Adams (1976) showed many years ago that microelectrodes
ould be used to detect neurotransmitters in the brain, and this
ype of research continues in a number of laboratories (e.g.

ightman et al., 1991a,b; Cannon et al., 2000). This work has
ed to a number of applications of microelectrodes to studies
f cellular processes (Cooper and Jung, 2001; Gao et al., 2006,
nd references therein). Single cell amperometry or voltamme-
ry has focused on measuring the concentrations and monitoring
he dynamic release of biologically important molecules such as
atecholamines, insulin and anticancer drugs from living cells.
n such experiments, a micrometer-sized UME is positioned in
lose proximity to a cell membrane and used to oxidize (or
ion on cellular functions at single cell levels (Wightman et al.,
991a,b; Ewing et al., 1992; Kennedy et al., 1993; Kuhr and
antano, 1995; Lu and Gratzl, 1999).
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for menadione uptake, conjugation and pump efflux processes.
Overall, the experimental results match well with the calculation
results, suggesting that the constant flux model can be used to
describe the efflux of thiodione. Based on the model, the efflux

Fig. 3. Electrochemical detection of thiodione from highly confluent Hep G2
cells using 10 �m Pt UME. The potential was scanned in deoxygenated PBS
buffer at 37.5 ◦C between −0.16 and 1.29 V vs. NHE at a scan rate of 100 mV/s.
64 A.J. Bard et al. / Biosensors an

SECM has also been used in studies of biological interest,
.g. in studies of enzymes and membranes, and to examine bio-
ogical systems under physiological conditions with �m spatial
esolution (Horrocks and Wittstock, 2000; Shiku et al., 2001). In
he SECM measurements, the tip is scanned over the surface of a
ell to obtain topographic images and maps of chemical reactiv-
ty across the cell surface. In this way, it has been used to image
uxes of oxygen at living cells and to obtain topographic images
f various biological substrates (Lee et al., 1990; Tsionsky et
l., 1997; Yasukawa et al., 1998, 1999). The photosynthetic and
espiratory activities of single cells have been evaluated by mon-
toring the oxygen concentration profile around cells. The SECM
ased respiration activity measurements have been employed to
uild an anticancer drug sensitivity assay (Torisawa et al., 2004).
ECM has also been used for imaging new emerging micron size

opography and real-time detection of neurotransmitter secre-
ion from living PC12, dopamine releasing immortal rat cells
Liebetrau et al., 2003; Hengstenberg et al., 2001). Potentio-
etric measurements employing scanning ion-selective micro-

lectrodes have been demonstrated in the detection of calcium
elease at osteoclast cells that are responsible for the resorption
f bone (Berger et al., 1999). Studies have also been undertaken
o study the kinetics of transmembrane charge transfer in mam-

alian cells and in bacteria (Liu et al., 2000; Cai et al., 2002).
he permeation of the nuclear membrane in the Xenopus oocyte
y various mediators has also been studied (Guo and Amemiya,
005).

We describe below several recent studies in our laboratory of
he uptake and efflux of materials from living cells by SECM.

e also describe early attempts at using SECM to penetrate cells
nd detect species inside the cells.

. Menadione metabolism to thiodione in human liver
ells

The cytotoxic effect of menadione on hepatocytes was inves-
igated using the substrate generation/tip collection mode of
ECM. Menadione has long been used to study oxidative
tress in cells as it readily generates reactive oxidative species
ROS) that are harmful to biological systems. Because of its
mphiphilic nature, menadione can diffuse into the cell without
he assistance of transmembrane proteins or transport pumps
Cai et al., 2002; Liu et al., 2000; Yi and Gratzl, 1998). Once
nside the cell, menadione is rapidly conjugated to intracellular
lutathione via nucleophilic addition to form the stable conju-
ate thiodione. Thiodione can also generate ROS through redox
eactions. Therefore, it must be removed from the intracellu-
ar space. Because the product thiodione is too hydrophilic to
iffuse across the plasma membrane, an ATP-dependent pump
s used for extracellular export. The loss of cell viability upon
xposure to menadione is related to the depletion of glutathione
ithin the cell, which occurs either through conjugating with
enadione or through the oxidation of glutathione by forming a
isulfide dimer (Di Monte et al., 1984; Duthie and Grant, 1989).
Electrochemical studies have shown that even though glu-

athione is not electrochemically active on Pt electrode, the
uinone moieties of both menadione and thiodione exhibit a

T
1
fi
7
i
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wo-electron reduction at about −0.1 V versus NHE. The steady-
tate current of menadione is significantly larger than that of the
hiodione because of its greater diffusion coefficient in aqueous
olution. Although the reduction potential E1/2 of thiodione is
50 mV more negative than that of menadione, this difference is
ot enough to distinguish between these two compounds using
nly their cyclic voltammograms (CV). However, thiodione
hows an irreversible oxidation wave, ca. 0.74 V, where nei-
her menadione nor glutathione exhibits electrochemical activity
Mauzeroll and Bard, 2004). Thus, both menadione and thio-
ione can be analyzed simultaneously using electrochemical
ethods.
The efflux of thiodione after the addition of menadione was

tudied with highly confluent liver cells adhering to the bot-
om of a Petri dish (Mauzeroll et al., 2004). A Pt UME with a
adius of 10 �m was used to detect the thiodione concentration
n solution by holding the tip at the potential for thiodione oxida-
ion. The electrode was, ca. 100 �m away from a patch of cells.
he concentration of thiodione can be easily calculated from the

ncreasing anodic oxidation tip current by using the steady-state
urrent equation for a CV at an UME. Shown in Fig. 3 is the
ependence of thiodione concentration (black dots) in solution
ith time after the addition of 80 �M menadione. Generally,

he concentration of thiodione increases with time and does not
each a steady state within the experimental time. The solid line
s a non-linear fit of the concentration of thiodione in solution
ased on a constant flux model. In this model, it is assumed that
he initial concentration of thiodione is zero at t = 0 when mena-
ione is added, and the flux of thiodione Jcell from the cells is
onstant at t > 0. There is a time lag caused by the time needed
he concentration of thiodione in solution was calculated from the tip current at
.14 V vs. NHE and plotted vs. time. The solid line is the non-linear simulation
tting based on a constant flux model. Inset shows the optical micrograph of
5–100% confluent liver cells used in these measurements and the black dot
ndicates the position of the Pt tip (Mauzeroll et al., 2004).
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f thiodione is 4.7 ± 0.3 × 10−12 mol/cm2 s for a highly conflu-
nt patch of cells. For each liver cell, the flux of thiodione is
stimated to be 1 × 10−17 mol/cell s or 6 × 106 molecules/cell s.
he general shape of this efflux is consistent with that observed

n other studies, such as the doxorubicin export from Chinese
amster ovary cells (Chung et al., 1997; Lu and Gratzl, 1999).

The export of thiodione from isolated liver cells after
ddition of 80 �M menadione was also studied using SECM.
irst, menadione reduction was used to bring the electrode

ip close to the cells in the z-direction perpendicular to the
ish surface. Then, SECM images were recorded using a tip
otential for the thiodione oxidation reaction while the tip was
canned in the x–y plane parallel to the dish bottom. Fig. 4A–D

hows the successive SECM images from individual liver cells
fter addition of menadione. It took approximately 7 min to
ecord each image. Fig. 4E and F are the optical images of the
arget liver cells using inverted microscopy. The dark disk in

c
d
t
t

ig. 4. Time-dependent profile of the export of thiodione from human liver cells usi
.19 V vs. NHE and scan rate of 150 �m/s. The distance between the tip and dish bo
f the 10 �m Pt UME at different positions is indicated by the black dots. Each sma
ECM images. All images were normalized with respect to scale (Mauzeroll et al., 2
lectronics 22 (2006) 461–472 465

he micrograph is the 10 �m Pt UME used for the experiments.
ig. 4G–J shows the overlap between SECM and optical images.
he varying position of liver cells in the SECM images is caused
y some hysteresis in the inchworm during scanning. Optical
mages taken simultaneously can be used to correct for this
ysteresis.

As shown in Fig. 4A, the oxidation current of thiodione
bserved when the tip is positioned above the liver cells is greater
han that observed when the tip is positioned over the bare Petri
ish. This current difference shows the higher concentration of
hiodione close to the cells than in the bulk solution. In other
ords, the efflux of thiodione is only detected in the vicinity of

he liver cells. As seen in Fig. 4A–D, the yellow color above the

ells decreases with time, which indicates that the efflux of thio-
ione from the cells decreases with time. As all the images were
aken from the same cells with the same tip–substrate distance,
his behavior can be correlated to the fact that 80 �M menadione

ng SECM. (A–D) SECM images of the Hep G2 cells with the tip potential at
ttom is 4.3 �m. (E) and (F) are the optical images of the cells. The micrograph
ll division corresponds to 10 �m. (G–J) Superimposed optical micrograph on
004).
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s toxic to the cells and kills them within about 1 h in agreement
ith the cytotoxicity measurements (Mauzeroll et al., 2004).

. SECM investigation of Ag+ interaction with
espiratory chain of Escherichia coli (Holt and Bard,
005)

Submillimolar concentrations of AgNO3 are lethal to a range
f bacterial species, both Gram-positive and Gram-negative
Bragg and Rainnie, 1974; Ghandour et al., 1988; Schreurs and
osenberg, 1982; Yudkin, 1937); however, the mode of action is
nknown. One possibility is that Ag+ uncouples the respiratory
hain from oxidative phosphorylation (Schreurs and Rosenberg,
982), causing a collapse in the proton motive force across the
ytoplasmic membrane (Dibrov et al., 2002), for example, by
nteracting with thiol groups of membrane-bound enzymes and
roteins (Liau et al., 1997; Zeiri et al., 2004). Again, it is unclear
hether there is one major site of action or whether the silver(I)

nteracts detrimentally with the cell at many sites. Using SECM
nd several other electrochemical techniques, we studied the
ntibacterial effects of silver(I) ion on E. coli.

Respiration in the presence of glucose was measured using
Clark ultramicroelectrode (Carano et al., 2003) to deter-
ine oxygen concentration as a function of time. Fig. 5 shows

chematically the electrode was assembled from a disk Pt micro-

lectrode, a silver paint layer and a gas-permeable polymer
embrane (high density polyethylene, HDPE). The membrane

revents the deactivation of the Pt electrode surface by adsorp-
ion of biological molecules. In addition, any contact between the

ig. 5. Schematic diagram of membrane ultramicroelectrode based oxygen sen-
or (not to scale): (A) 25 �m diameter disk Pt working electrode encased in glass,
B) Ag layer acting as reference/counter electrode, (C) electrolyte film of 0.1 M,
H 7.0, PBS aqueous solution forming the electrolytic contact between work-
ng and reference electrodes, (D) 10 �m thickness HDPE membrane, (E) rubber
-ring and (F) power supply and electronic instrument for the measurements
f the current output. Inset shows bottom view of electrode surface: (A) 25 �m
t disk working electrode encased in glass and (B) Ag paint creating a ring
eference/counter electrode (from Carano et al., 2003).
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acteria and the outer silver coating of the electrode is prevented.
owever, the extent of dissolution of the silver coating was suf-
ciently negligible to produce no appreciable concentration of
g+ in the solution. In contrast to a Clark electrode of more

raditional dimensions, the ultramicroelectrode draws currents
n the nanoampere range. Not only can the ultramicroelectrode
e used to undertake measurements in much smaller volumes
10–1000 �L) due to its small dimensions, but the formation of
oncentration gradients at the electrode/solution interface is also
egligible in contrast to larger electrodes, so it rapidly attains a
teady state without the necessity for convective mixing.

Measurements were made with a Clark ultramicroelectrode
o monitor the oxygen reduction current in 1 mL solution of
.1 M NaNO3 and 0.1 M glucose containing 5 × 109 suspended
acteria. At t = 12 min, AgNO3 was added to produce different
oncentrations of Ag+ (1–10 �M) to the normally respiring E.
oli solutions and the change in respiration rate compared to
hat containing 0 �M Ag+ was measured. As shown in Fig. 6,
he rate of respiration increased initially (as evidenced by the
ncreased oxygen depletion) on the addition of silver(I) due to
he uncoupling of the respiratory chain, followed by cessation
f respiration. For 1 and 5 �M Ag+, there was a rapid increase in
he rate of oxygen depletion, indicating an increase in bacterial
espiration rate. For 10 �M Ag+ this period of stimulated res-
iration was not observed, and instead there was an immediate
ncrease in the solution oxygen concentration due to cessation of
espiration coupled with dissolution of oxygen from the atmo-
phere. The stimulated respiration observed on addition of Ag+

o bacteria has been noted previously (Bragg and Rainnie, 1974;
udkin, 1937). The same effect is reported for rabbit brain mito-

hondria, along with an uncoupling of respiration from ATP
ynthesis (Silver, 2001).

Another way to probe bacterial respiration is to detect oxygen
ptake by immobilized cells with an ultramicroelectrode posi-

ig. 6. Respiration of suspended E. coli in 1 mL solutions initially containing
.1 M NaNO3 and 0.1 M glucose, plotted as limiting current for oxygen reduction
t −0.8 V vs. silver paint relative to limiting current at t = 0 min, as measured by
lark ultramicroelectrode. Crosses, 0 �M AgNO3 added at t = 12 min; circles,
0 �M AgNO3 added at t = 12 min; triangles, 5 �M AgNO3 added at t = 12 min;
quares, 1 �M AgNO3 added at t = 12 min (from Holt and Bard, 2005).
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ioned closely to an immobilized cell surface by SECM. There
re several advantages to performing experiments in this manner
ompared to using cells suspended in solution: (1) experiments
an be performed using fewer cells, in a smaller volume; (2)
lectrode surface fouling is minimized as the immobilized cells
annot adsorb to the surface of the electrode so that real-time
ilver uptake experiments can then be performed without hav-
ng to remove the cells from solution by centrifugation prior to
nalysis; (3) the precise positioning of the electrode above the
urface of the cells achievable through this method allows the
xtraction of more quantitative data and theoretical modeling of
he uptake kinetics.

One example is shown in Fig. 7a, where the electrode was
ocated 25 �m from the immobilized E. coli. A solution drop
f 1 �M AgNO3 in 0.1 M NaNO3 was placed above the cells

nd the oxygen concentration measured over time. This same
pproach could be used with a Pt UME and stripping voltam-
etry to monitor Ag+ uptake by recording silver depletion from

ig. 7. (a) Limiting current for oxygen reduction, relative to that at t = 0, at
0.8 V vs. Ag paint, obtained at 25 �m Pt disc—Ag ring electrode located

5 �m above immobilized E. coli over time. Electrolyte initially was 10 �L
rop of 0.1 M NaNO3. At t = 4 min a 1 �L drop of 1 �M AgNO3 was added.
b) Concentration of Ag+ taken up by immobilized E. coli, measured using the
tripping peak height obtained using a 25 �m Pt disc electrode located 1000 �m
bove the cells, held at −0.3 V vs. silver paint for 60 s before sweeping −0.3
o 0.35 V at 0.1 V/s to obtain stripping peak. Solid triangles, live cells; crosses,
ead cells previously treated with 10 mM KCN for 2 h; open triangles, difference
n Ag+ taken up by dead and alive cells (from Holt and Bard, 2005).
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he region directly above the cells. Fig. 7b shows the total amount
f silver(I) taken up by the live and dead E. coli (average of two
xperiments in each case). The data show that almost 0.3 �M
f the Ag+ was depleted by the dead cells after 20 min, presum-
bly by interaction with functional groups on the outside of the
ells. In contrast, the live cells consumed almost 0.8 �M of the
�M Ag+ originally in solution. Most of this uptake took place
ithin the first 10 min, with more gradual uptake thereafter. The
ifference in uptake between the dead and live cells (uptake live
inus uptake dead) is also shown in Fig. 7b, and corresponds

o the amount of Ag+ accumulated within the live cells, rather
han on the outside. This gives an approximate value of 0.5 �M
or the concentration of silver transported into the cells after
0 min, corresponding to ∼60% of the total silver(I) depleted
rom solution.

These results demonstrate the applicability of SECM to stud-
es of toxicity effects in bacteria in general and with various silver
reparations that have been of interest because of their antibiotic
roperties. They also offer some insight into the mode of action
f silver(I) in bacterial respiration processes.

. HeLa cells activity probed using FcMeOH oxidation

While SECM has been widely applied to many biological
ystems, most applications used oxygen reduction to monitor
he respiratory activity of cells. Fig. 8 shows SECM images of
eLa cells in an undearated culture medium containing 1 mM

errocene methanol (FcMeOH). These images were obtained
t a 10 �m Pt tip with the tip held at the potential for (a) O2
eduction and (b) FcMeOH oxidation. The scan rate was 60 �m/s
ith the tip at a distance of 18 �m from the bottom of Petri
ish. For comparison, the same group of HeLa cells was under
nvestigation for these two SECM images.

When the tip potential is held at the potential for O2 reduc-
ion, the current with the tip above HeLa cells is smaller (i.e.
opographic color is darker green) than that of the background,
s shown in Fig. 8a. The lower steady-state current for O2
eduction when the tip is positioned above a HeLa cell is
haracteristic of negative feedback due to the O2 uptake and
espiration activities of HeLa cells, as well as to the block-
ng effect the cells have on O2 diffusion (Kaya et al., 2003).
lthough O2 reduction has long been used to monitor the via-
ility of living cells, a drawback to this is the instability of
2 reduction on Pt electrode reaction with time because of

hanges in the Pt surface. This can sometimes be overcome by
superimposed potential profile that cleans the electrode. For

xample, as shown in Fig. 8a, the background color changes
rom yellow at the top left (starting point for the scan) to
reen at the bottom right of the image (end point), a 23%
ecrease of the background reduction current is observed for
his image that is largely due to this continuous electrode deac-
ivation.

Fig. 8b illustrates the use of FcMeOH as a mediator. When

cMeOH oxidation occurs at the tip, the current for the oxida-

ion of FcMeOH is higher than background (i.e. color over HeLa
ell is yellow). The positive feedback suggests that the HeLa cell
elow the tip can participate in the FcMeOH/FcMeOH+ redox



468 A.J. Bard et al. / Biosensors and Bioelectronics 22 (2006) 461–472

Fig. 8. The SECM images of HeLa cells on Petri dish in culture medium containing 1 mM FcMeOH. The electrode is a 10 �m Pt UME with RG of 5. Scan rate is
6 elec
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0 �m/s while the electrode is held 18 �m away from the Petri dish bottom. The
.6 V vs. NHE for FcMeOH oxidation reaction. The rest time for O2 reduction
as studied for both images (from Li and Bard, in preparation).

ycle between the tip and cell, i.e. HeLa cells can reduce the
cMeOH+ generated by the tip, which then diffuses back to the

ip and leads to an increase in the oxidation current. Compared
ith the O2 reduction reaction, oxidation of FcMeOH on a Pt
ME was more stable. Thus, clear and reproducible images of
eLa cells can be easily obtained using FcMeOH as a media-

or. Analogous feedback effects of some other electrochemically
ctive mediators on cells has previously been observed with

ECM, e.g. (Liu et al., 2001), where negative feedback was
btained for hydrophilic mediators like ferrocene carboxylate,
hile positive feedback was generated for hydrophobic ones,

ike menadione.

t
s
l
C

ig. 9. (a) SECM images of HeLa cells upon addition of 30 mM KCN into a culture
.6 V vs. NHE was scanned at 60 �m/s. (b) Variation of current measured by SECM
bove a HeLa cell. The distance between the electrode tip and the bottom of the Petr
he dish current, Id, and the cell current, Ic. The grey line outlines the shape of HeLa c
he oxidation reaction occurring on the electrode (from Li and Bard, in preparation).
eferred to the web version of the article.)
trode potential is held at: (a) −0.3 V vs. NHE for O2 reduction reaction and (b)
in while that of the FcMeOH oxidation is 15 s. The same group of HeLa cells

This positive feedback observed in the oxidation of FcMeOH
ver HeLa cells suggests a relationship between cell viability
nd positive feedback, which was then tested. Fig. 9a shows a
equence of SECM images of the same HeLa cells changing with
ime upon addition of 30 mM KCN, which kills these cells, to a
ulture medium containing 1 mM FcMeOH. FcMeOH oxidation
t the tip was used to record the cell images. Pt UME was scanned
t 60 �m/s in the x–y plane while the tip was 15 �m away from

he dish bottom. Before the addition of CN−, the SECM image
hows two yellow spots corresponding to the location of two
iving HeLa cells on the Petri dish. After 22 min following the
N− addition, negative feedback is observed from the HeLa cell.

medium containing 1 mM FcMeOH. A 10 �m Pt electrode at the potential of
in (a) with time. Id is the dish current while Ic is the cell current measured just
i dish is 15 �m. The blue line is a guide for the eye. (c) A schematic graph for
ell on the Petri dish indicated by the black line. The Red curved arrow indicates
(For interpretation of the references to color in this figure legend, the reader is
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Fig. 10. Variation of the dish current (black squares with error bar) and
the cell current (red squares with error bar) measured by SECM during
accumulation–leaking experiments with time. Ib is the dish current while Ic

is the cell current. A 10 �m Pt electrode at the potential of 0.6 V vs. NHE was
scanned at 180 �m/s and held at 18 �m away from the dish bottom. The solid
lines are the simulated dish current (black) and cell current (red) using the finite
difference method on a surface reduction model. Details about the simulation are
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Fig. 9b shows variation of the dish current (solid black
quares) and cell current (solid red circles) measured by SECM
pon the addition of 30 mM KCN. The blue line is a guide for
he eye. Fig. 9c schematically shows the relative geometry for
he dish current Id and cell current Ic, where the dish current
d is the current when the tip is above the bottom of the bare
etri dish next to a group of cells, while the cell current Ic is the
urrent when the tip is directly above a HeLa cell. With the addi-
ion of KCN, both the dish current and the cell current decrease
lowly with time for the first 15 min, while positive feedback is
bserved. At around 18 min, both currents decrease dramatically
nd negative feedback is observed. This negative feedback indi-
ates the cessation of HeLa cell activity, and it is due to blocking
ffect by the dead HeLa cells on the dish bottom. The killing
ime around 20 min, matches well with previously reported
esults (Kaya et al., 2003). Note that the current far from the
etri dish bottom remains essentially constant throughout this
eriod.

Cyanide ion is lethal for mammalian cells and bacteria,
ecause it binds tightly to cytochrome oxidase and blocks elec-
ron transport in the respiration chain, thus decreasing uptake of
xygen by the cells. This experiment clearly suggests that the
ositive feedback of FcMeOH observed is due to the interaction
f FcMeOH+ with living HeLa cells. Dead cells do not generate
ositive feedback. Hence, the FcMeOH oxidation reaction can
e used as an electrochemical indication to test the viability of
eLa cells.
To further test the interaction between FcMeOH and HeLa

ells, an accumulation–leak test was performed. HeLa cells
ere first cultivated in a 2 mL culture medium containing 1 mM
cMeOH. After 2 h to allow the cells to accumulate FcMeOH,

he culture medium was removed and the Petri dish with HeLa
ells was rinsed several times to wash away FcMeOH possibly
dsorbed on the dish surface and the surface of the cells. Then,
mL fresh culture medium without FcMeOH was added to the
etri dish. SECM experiments were performed to measure the
hange of FcMeOH oxidation current in solution due to its efflux
rom the HeLa cells. Fig. 10 shows the variation of dish currents
d (black squares with error bar) and cell current Ic (red squares
ith error bar) with time after the change of culture medium. As

tated above, the dish current indicates the local concentration
f FcMeOH around the tip. The cell current is directly related
o the interaction between the tip and the cell below. Because
f the interaction, the cell current is always larger than the dish
urrent. Shown in Fig. 10, both currents increased rapidly with
ime within the first 40 min. After 90 min, the currents gradually
eached a plateau.

For a more quantitative understanding of the feedback exper-
ments, a model based on the finite difference method (FDM)
as adopted to simulate the cross membrane diffusion processes
f FcMeOH (Li and Bard, in preparation). The dish current was
odeled by four successive processes: diffusion within the cell,

iffusion across the membrane, diffusion in solution and accu-

ulation in hydrophobic region within the cell. Shown in Fig. 10,

he solid black line is the variation of simulated dish current
ith time. The simulation uses the known diffusion coefficient
f FcMeOH in aqueous solution, 7 × 10−6 cm2/s. From the sim-

f
t
m
b

escribed in Li and Bard (in preparation). (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of the
rticle.)

lation, the diffusion coefficient of FcMeOH across the plasma
embrane was estimated to be in the order of 3.8 × 10−6 cm/s,
hile of FcMeOH accumulates within the hydrophobic region
f the cell. For the dish current simulation, two mechanisms
ere tested. In one mechanism, FcMeOH+ is heterogeneously

educed back to FcMeOH on the outer surface of the plasma
embrane of the HeLa cells, while in the other FcMeOH+

iffuses into the cell where it is homogenously reduced. The
imulation results suggest that the cell current is mainly depen-
ent upon the transmembrane diffusion of FcMeOH in the latter
echanism and this mechanism does not work for our tested

ystem. Shown in Fig. 10, the solid red line is the simulated cell
urrent using the first mechanism. These results suggest that
cMeOH oxidation provides an easy way to obtain clear and
eproducible images of cells on a surface by SECM and to test
ell viability.

. SECM probing single giant liposomes containing
u(bpy)3

2+

In the above examples we have discussed how SECM can
e used with the tip immediately outside of cells to monitor the
ransport of electrochemically active species across cell mem-
ranes. It would also be of interest to monitor redox processes
nd respiration directly inside biological cells. Considering the
rchitectural and functional complexity of such cells, we thought
t desirable to start with an analogous system of a simpler con-
ully controlled. As shown in Fig. 11, we first used SECM
o probe immobilized liposomes, which represent prototypical

odels for biological cells, and to obtain information about their
ehavior.
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Fig. 11. Experimental setup. Liposomes of 15–50 �m were immobilized on
glass substrates via either poly(l-lysine) or biotin–avidin–biotin sandwich struc-
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Fig. 12. SECM monitoring of tip current when it breaks through the bilayer(s)
of Ru(bpy)3

2+ containing liposomes. The tip potential was held at 1.2 V (vs. Ag
QRE) where Ru(bpy)3

2+ is oxidized to Ru(bpy)3
3+. A 1 mM ferrocenylmethyl-
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probed by microelectrode tips to obtain useful information about
ure; these liposomes were probed by a submicron-sized carbon fiber tip con-
rolled by the SECM (from Zhan and Bard, 2006).

To first test the concept with a simpler system, we have first
tudied giant liposomes encapsulated with redox molecules of
nterest (Zhan and Bard, 2006). Here, the good spatial control of
he UME by SECM allows one to differentiate a mediator in the
xternal aqueous medium with a different one that is encapsu-
ated. SECM should also be useful in studies of chemical leakage
rom the liposome interior. Furthermore, SECM combined with
harp, submicrometer-sized electrodes allowed us to probe into
iposomes and cells to obtain useful information.

Liposomes of various sizes and configurations have been
ade and studied, for example, as biomembrane and proto-

ell models (New, 1990; Sackmann, 1995). Liposomes have
lso been pursued as biocompatible carriers and containers
n biomedical and pharmaceutical applications. Indeed, many
ydrophilic compounds, including drugs, enzymes and DNA,
ave been successfully encapsulated in liposomes (Lasic, 1998;
uisi and Walde, 2000). Giant liposomes, with diameters of
few microns and above, are particularly attractive systems

ecause of their accessibility to optical microscopy and various
icromanipulation techniques.
We developed a double-emulsion method to prepare giant

iposomes containing Ru(bpy)3
2+. To probe these liposomes

mmobilized on a glass substrate, we also prepared submicrom-
ter carbon fiber electrodes. These small electrodes were further
oated with electrophoretic paint and as a result, only the coni-
al apex (tip) of electrodes was exposed and electrochemically
ctive. This treatment produced a nanometer-sized tip that gave
egative feedback when the tip was brought down to glass and
iposome surfaces. To break through into the immobilized lipo-
ome, an approach curve was first obtained with a mediator

ike cationic ferrocenylmethyl-trimethylammonium perchlorate
FeCp2TMA+), where the tip was stopped when the current
ropped to 85% of the steady-state tip current in the bulk (iT,∞).

m
t
s

rimethylammonium perchlorate (FeCp2TMA+) in Tris–HCl buffer (10 mM Tris
nd 0.1 M NaCl, pH 7.0) was used as the redox mediator (from Zhan and Bard,
006).

his normally brought the tip down to less than 200 nm above
he membrane surface (by fitting the experimental data with the
pproach curve model for conically shaped electrodes (Zoski et
l., 2004). The tip was then further lowered into the cell, while
eld at the potential for Ru(bpy)3

2+ (and FeCp2TMA+) oxida-
ion as the current was monitored. A characteristic breakthrough
urve is shown in Fig. 12. In this case, a decrease of current was
rst observed as the tip traveled down to the surface.

After the apex of the tip touched the membrane, a further
owering of tip deformed the lipid bilayers downward, accom-
anied by a further drop of the current. This effect is reminiscent
f the SECM behavior noted when a tip approaches the interface
etween an aqueous solution and an immiscible liquid and a thin
ayer of solution is trapped (Wei et al., 1995). The breakthrough
f the liposome normally took place a few micrometers below
he point where the tip first touched the liposome surface, which
aried from one experiment to another due to differences in the
ip sharpness and liposome size. At the breakthrough point, a
ransient with a sharply rising current was obtained for the lipo-
ome, which represents the sudden immersion of the tip into a
olution of a relatively high concentration of Ru(bpy)3

2+ result-
ng in a potential step transient with some contribution from
harging current.

We could also observe the encapsulated Ru(bpy)3
2+ leaking

ut of a liposome after breakthroughs by continuously record-
ng cyclic voltammograms inside. Shown in Fig. 13 are five CVs
btained in a time span of 20 min. Because of the existence of a
oncentration gradient inside/outside liposome, the current due
o Ru(bpy)3

2+ oxidation kept decreasing. By comparing the leak-
ge rate of Ru(bpy)3

2+ with a species of known concentration in
he surrounding solution, we could estimate the concentration
f the encapsulated material.

Individual redox encapsulated giant liposomes can also be
olecular transport through the bilayer. This adds an alterna-
ive probe to those based on fluorescence and radioactivity in
tudying bilayer lipid membranes (BLMs). In comparison to
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Fig. 13. Voltammetric responses of Ru(bpy)3
2+ confined in a single giant lipo-

some. The encapsulated Ru(bpy)3
2+ leaked out of the liposome, as indicated
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Wightman, R.M., Jankowski, J.A., Kennedy, R.T., Kawagoe, K.T., Schroeder,
y a decrease of the oxidation current along the arrow direction. Each CV was
aken about 5 min after the previous one. Solution conditions are the same as
hose in Fig. 3 (from Zhan and Bard, 2006).

he BLM setup (Amemiya and Bard, 2000; Tsionsky et al.,
999) we previously used to study charge and ion transfer, the
resent system based on giant liposomes should allow one to
erform similar measurements over a more extended period of
ime.

. Conclusions

Previous work, as well as the studies outlined here, has
emonstrated the utility and potential of SECM to studies of bio-
ogical systems, including living cells. In particular, we showed:
1) thiodione was detected and monitored electrochemically
uring the cytotoxic process of menadione on hepatocytes; (2)
ntimicrobial effects of silver(I) was followed by SECM through
acterial respiration; (3) living HeLa cells accumulate FcMeOH
nd generate positive feedback for FcMeOH oxidation that
an be further used to monitor the cell viability; (4) individ-
al giant liposomes encapsulated with redox compounds were
uccessfully probed by SECM. The technique has the advan-
age of very high spatial resolution and versatility, especially
or the detection of electroactive substances. Selectivity and uti-
ization for species that are not electroactive can be attained
y modifying the tip, e.g. with enzymes (Bard and Mirkin,
001).
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