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The viability and activity of HeLa cells were probed using scanning electrochemical microscopy (SECM).
The feedback generated by Hela cells during scanning depends on the electrochemical mediator. Living
HeLa cells generated positive feedback when ferrocene methanol (FcMeOH) was oxidized at the tip,
showing that the cells reduced FcMeOH". The positive feedback with FcMeOH changed to negative feed-
back when the HeLa cells were exposed to toxic treatments, i.e. CN~ or UVC radiation, suggesting that
FcMeOH" reduction can be used to monitor cell activity. Living HeLa cells also accumulate FcMeOH after

Keywords: exposure times of a few h, but the presence of mM concentrations of FcMeOH has no apparent effect on
SECM c s + . .

Hela the cell viability. The effect of Ag" (known to be toxic to bacteria at the 10 uM level) on HeLa cells was
silver ion probed using the FcMeOH as an indicator. The activity of the HeLa cells was not affected in a culture med-

ium containing Ag® up to 10 mM. The uptake of Ag"* by living and dead Hela cells was small and nearly
the same, indicating that even at high Ag* concentrations in the culture medium, only a small amount of

Ag" is accumulated within the cells.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Because the activity of living cells is sensitive to the environ-
ment and external chemical and physical stimuli, it is useful to
be able to monitor the cell activity in real time, for example in drug
screening. A number of scanning probes have been used for biolog-
ical imaging, such as atomic force microscopy [1], near field scan-
ning optical microscopy [2] and confocal laser scanning
microscopy [3,4]. Scanning electrochemical microscopy (SECM)
has the advantage that it can chemically image systems such as
biological systems with pm or sub-pm resolution [5-7]. Images
of the reduction-oxidation processes can provide information
about cell morphology, enzymatic activity and cellular functions
(e.g., metabolism) [8-10].

SECM has been applied in characterizing the activity of various
cells. The metabolic activity of Escherichia coli cells embedded in
collagen gel microstructures was investigated based on the O, con-
sumption rate and the reduction of Fe(CN)2™ [11]. Oxygen evolu-
tion above a single stomate was monitored in vivo to study
guard cells and Cd-induced plant stress [12,13]. The spatial distri-
bution of the respiratory activity in neuronal cells [14] was also
examined, as well as the contrast between normal and metastatic
human breast cells [15]. Furthermore, SECM has also been used for
cytological diagnosis and for evaluating the cytotoxic effects of
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chemicals [16]. The effects of anticancer drugs were examined
based on the respiratory activity of a multicellular spheroid [17].
Recently, constant-distance mode scanning was employed to im-
age small changes in neuron cell morphology [18] and to detect
amperometrically the release of adrenaline and noradrenaline
out of single secretory vesicles upon stimulation [19,20].

Oxygen reduction at the tip has frequently been employed in
SECM studies of living cells, because oxygen concentration can be
directly related to the respiratory activity of the cells. The feedback
effect of other mediators, like menadione, was also examined on
cells during SECM scanning [8,21]. In such studies negative feed-
back is often obtained with hydrophilic mediators, like ferrocene
carboxylate, that cannot cross the cell membrane, while positive
feedback is generated with hydrophobic ones.

Various silver preparations have been of interest because of
their antibacterial effects. For example, p{M concentrations of Ag*
have been reported to be lethal to both Gram-positive and Gram-
negative bacteria [22,23]. Although the exact mode of action is still
unknown, silver may uncouple the respiratory chain from oxida-
tive phosphorylation [24,25], bind to membrane-bound enzymes
and proteins containing thiol groups [26], and interact with intra-
cellular components in cytoplasm [27]. Investigation of the effect
of chloride on the growth inhibition of algae suggests that silver
toxicity is a direct result of intracellular accumulation rather than
cell surface interactions [28]. In addition, active Ag" efflux was re-
ported for silver-resistant E. coli and was attributed by genetic
studies to the transmembrane CusCFBA protein complex [29,30].
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Recent electrochemical studies on E. coli confirmed the Ag* effect
on the respiratory chain and suggested that 60% of Ag" taken up
is transported into the cell while 40% binds to the outer membrane
[31]. Electrochemical methods are valuable tools for probing the
mechanism of silver toxicity and antimicrobial action.

Antimicrobial agents like Ag* should not only exhibit maximum
toxicity and inhibition of bacterial growth, as already have been
extensively investigated, but also show minimum cytotoxicity on
mammalian tissue. The effects of various metal ions on mamma-
lian fibroblasts and human tissue mast cells have been tested
in vitro [32-34]. Metal cations produce dose-dependent cytopath-
ogenic effects in distinct cell types. With short exposure, the rate of
cation uptake correlates with depression of succinic dehydroge-
nase activity, while protein synthesis is depressed with longer
exposure. Silver ions inhibit the proliferation of human dermal
fibroblasts after 24 h exposure mainly through the inhibitory ac-
tion on DNA synthesis and depletion of intercellular ATP content
[35]. Further investigation of the Ag" effect on the cell activity
using electrochemical methods can aid our understanding of the
mechanism of silver action on cells.

In this paper, several mediators were first tested on Hela cells
and the relationship between the feedback of FcMeOH and the via-
bility of the HeLa cell was then determined. The effect of Ag* on the
activity of HeLa cells was tested by using FcMeOH oxidation as an
indicator of cell viability and the uptake of Ag" by the HeLa cells
was also measured.

2. Experimental
2.1. Chemicals

All chemicals were reagent grade and used as received. All solu-
tions were prepared with deionized water (Milli-Q, Millipore
Corp.). p-Glucose, AgNO3; and FcMeOH (C;,H;,FeO) were obtained
from Aldrich (St. Louis, USA); KCN, MgS0,4, K;SO,4 and KsFe(CN)g
were obtained from Fisher (Pittsburgh, USA); K;HPO4 and KH,PO4
were purchased from ].T. Baker (Phillipsburg, USA); Co(bpy)sCl,,
Co(phen)sCl,, K4Fe(CN)s and TMPD were purchased from Sigma
(St. Louis, USA).

2.2. Cell culture

The HelLa cells (human cervical cancer cells) were a generous
gift from Dr. Lara K. Mahal (University of Texas at Austin). Cells
were grown and maintained in Dulbecco’s modified Eagle’s med-
ium/10% heat-inactivated fetal bovine serum while adhering to
the bottom of the Petri dish. The temperature was maintained at
37.5 °Cin a water-jacketed incubator (model 2310, VWR Scientific)
with 5% CO,. HeLa cells with coverage of 60-90% were used for the
experiments. Since Ag" was tested in the experiments, the CI~-con-
taining growth medium was not used in electrochemical measure-
ments. Thus, before experiments, the growth medium was
removed, the dish was rinsed several times, and 2 mL of experi-
mental culture medium (10 mM HEPES, 10 mM glucose, 75 mM
Na,S04, 1 mM MgS0, and 3 mM K,SO,4) was added into the Petri
dish. The viability of HeLa cells in this culture medium was tested
by Trypan Blue and the cells remained alive for at least 1 day at
room temperature in air.

2.3. Irradiation

HelLa cells were irradiated as a monolayer in a 35 mm Petri dish
without the dish cover, as polystyrene has significant absorption in
the UV region. During the irradiation, the Hela cells were im-
mersed in 2 mL experimental culture medium containing 1 mM

FcMeOH. UV radiation generated by a photochemical reactor (mer-
cury lamp) (RPR-100, Rayonet, Hamden, CN) was used, where 80%
of the incident radiation is centered at 253.7 nm. The irradiance at
the culture medium surface was measured to be ~0.045 W/m? in
the UVC region.

2.4. SECM experiments

Ultramicroelectrodes (UMESs) (Pt, radius, a = 10 um, relative ra-
dius of insulator, ry,s, is given by RG = ri,s/a of 5 were used in the
experiments. A detailed description of their fabrication and charac-
terization has been reported elsewhere [36]. A Hg modified Pt elec-
trode (10 um) (Hg/Pt) was used in some experiments for its better
reproducibility and stability in measurements of O, reduction. A
Hg drop was deposited on the Pt electrode by holding the potential
at 0.04V for 200s in a deoxygenated solution containing 1 M
KNO3, 0.5% HNO3 and 5.7 mM Hg,(NOs),. The resulting Hg drop
had a semispherical shape with a diameter of ca. 15 pum [37]. Pt
wire (0.5 mM diameter; Goodfellow, Cambridge, UK) was used as
the counter electrode. An Hg/Hg,SO, electrode (Radiometer,
Copenhagen) was used as the reference electrode. All potentials re-
ported in this paper are referenced to NHE. The SECM (model 900,
CH Instruments, Austin, TX) was used to obtain the electrochemi-
cal results.

For SECM imaging experiments, a Petri dish with cells adhering
to the bottom was directly used as a part of the electrochemical
cell. To obtain better images and have more active cells, all exper-
iments were carried out before the cells reached 100% confluency.
After the culture medium was changed, the tip was moved in the z
direction (perpendicular to the dish bottom) by using either
FcMeOH oxidation (E=0.6V) in a solution containing 1 mM
FcMeOH, or O, reduction (E=-0.3V) in a solution without
FcMeOH. All images were obtained while the tip was 15-20 um
above the dish bottom. If the tip was farther, both the contrast
and the resolution of the cell images were lower. If the tip was
too close, there was risk that the tip might scratch or even remove
cells, as Hela cells have a height of around 8-10 pm. Once the tip
was positioned in the z direction, it was scanned using the piezo-
electric drive in the x-y plane over a region with moderate cell cov-
erage, while the tip potential was held where the desired reaction
occurred. The tip was scanned from the upper-left corner, to the
lower-right corner of the image, with a recording time per image
of 3 ~ 10 min, depending on the image size and the tip scan rate.
All experiments were carried out in air without de-aeration.

The same cells in a Petri dish were examined repeatedly in dif-
ferent culture media. When changing the solution, the electrode tip
was first withdrawn in the z direction out of the solution. Then, the
solution was changed and the dish was rinsed three times using a
pipette. Since the Petri dish was stabilized on the sample stage
using double sided tape, little effect was observed on the position
of the Petri dish during the process. Finally, the tip was lowered
and its position in z direction was determined by the approach
curve.

2.5. Ag" effect on cells

A SECM image of HeLa cells with 80% cell coverage was first ob-
tained in a culture medium containing 1 mM FcMeOH. Then, the
electrode was withdrawn 5 mM in the z direction, to a point above
the solution. Without splashing the solution onto the tip, the cul-
ture medium of the HeLa cells was changed to one containing
10 mM AgNOs. After 1 h, the Ag*-containing solution was taken
out. After rinsing several times, fresh culture medium containing
1 mM FcMeOH was added for SECM experiments.

Ag" accumulation by dead and living HelLa cells was studied
using an anodic stripping voltammetry technique [38]. A Pt UME
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(radius of 12.5 pm) was used. The potential was first scanned from
0.44V to 0.84V at 0.1 V/s, then held at 0.84 V for 30 s to remove
any trace Ag from the electrode surface, followed by a second
sweep from 0.44 to 0.84V at 0.1 V/s. After holding at 0.34V for
1 s to accumulate Ag on the surface, the potential was swept for
a third time. The stripping current of Ag at ca. 0.7 V during the
third sweep was used to indicate the Ag* concentration in the solu-
tion. This stripping technique was ended by holding the tip poten-
tial at 0.84 V for 20 s to ensure the clearance of Ag off the electrode.
The UME was occasionally mechanically polished to generate a
new surface for reproducible results. Some deactivation of the Pt
surface towards Ag* deposition and stripping with time was found.
Highly confluent HeLa cells were used with coverage of 90%. Since
dead cells that detach from the Petri dish tend to contaminate the
Pt surface, formaldehyde treatment (4% solution for 15 min at
room temperature) was used to ensure that the dead Hela cells
still adhered to the dish bottom.

3. Results
3.1. Cell activity monitored by oxygen reduction

SECM has previously been used to monitor the metabolic activ-
ity of mammalian cells at the single cell level [5], where O, reduc-
tion current was measured to indicate the respiration of living cells
[39]. To test this, HeLa cells were first imaged using the O, reduc-
tion. The images were obtained (Fig. 1A) at —0.3 V for O, reduction
and (Fig. 1B) at 0.6 V for FcMeOH oxidation. The Pt UME was held
18 um above the dish bottom scanned at 3 pmy/s. For comparison,
the same group of Hela cells was scanned at both potentials. In
all SECM images, a yellow color indicates higher current while
green shows a lower current.'

When O, reduction occurs on the tip, the current above the
Hela cells is smaller than that of the background signal away from
Hela cells, as indicated by the green color in Fig. 1A. This negative
feedback has been observed in previous studies and is attributed to
the lower concentration of O, near cells due to their O, uptake and
respiration activities (a shielding effect), as well as the blocking ef-
fect the cells have on O, diffusion [40]. Although O, reduction has
been used to monitor the viability of living cells, it has the draw-
back that the Pt electrode surface that catalyzes this reduction
tends to change with time, even in the absence of cells [41]. Shown
in Fig. 1A, as the background color changes from yellow at the top
left to light yellow at the bottom right of the image, a 45% decrease
of the current was observed. The instability of O, reduction causes
difficulty in obtaining clear and reproducible images of cells [41].
The slightly lighter spots above the right part of the cells in the im-
age may be due to the fast oxygen transport across the cell mem-
brane [8].

3.2. Cell activity monitored by FcMeOH oxidation

In Fig. 1B, when FcMeOH oxidation occurs on the tip, the HeLa
cells are yellow, while the background color away from HelLa cells
is green. This indicates that the current from FcMeOH oxidation is
higher when the tip is directly above a HeLa cell than when the tip
is over the bare dish. This positive feedback suggests that the HeLa
cell below the tip can participate in the FcMeOH-FcMeOH" redox
cycle [42] in the gap between the tip and the cell. In other words,
the HeLa cell can reduce FcMeOH® generated by the tip. The
FcMeOH diffuses back to the tip, leading to an increase in the oxi-
dation current. Compared with O, reduction, the oxidation of

! For interpretation of color in Figs. 1-7, the reader is referred to the web version of
this article.
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Fig. 1. The SECM images of HeLa cells in a culture medium containing 1 mM
FcMeOH. A 10 pm Pt UME was scanned 18 um above the dish bottom at 3 pm/s. The
electrode potential was held at (A) —0.3 V for the O, reduction reaction and (B)
0.6 V for the FcMeOH oxidation reaction.

FcMeOH on a Pt electrode was more stable, so that clear and repro-
ducible images of cells can be easily obtained.

3.3. Cell viability test using O, reduction and FcMeOH oxidation upon
exposure to CN~

Fig. 2A shows two SECM images of one HeLa cell with the same
scale at 3 min and 50 min following the addition of 30 mM KCN to
the culture medium. The Hg/Pt electrode was held at —0.6 V and
the O, reduction current was measured. Right after the addition
of CN-, the left image shows a dark green spot corresponding to
the location of a living HeLa cell on the dish. After 50 min, the
green color corresponding to the cell becomes light, which indi-
cates a higher O, reduction current when the tip is right above
the dead Hela cell.

Fig. 2B shows the SECM images of two HelLa cells at 0 min and
32 min following the addition of 30 mM KCN to a culture medium
containing 1 mM FcMeOH. The Pt UME was held at 0.6V and
FcMeOH oxidation occurred on the tip. Before the addition of
CN~, the SECM image showed two yellow spots corresponding to
the location of two living HelLa cells on the dish. However,
22 min after the CN™~ addition, negative feedback was observed
with a smaller FcMeOH oxidation current when the tip was above
the Hela cells, indicated by the green color.

Fig. 2C schematically shows the relative geometry for the dish
current Iy and cell current, I.. The dish current, Iy, was the current
when the tip was near a HelLa cell but directly over the bare Petri
dish, while the cell current, I, was the current when the tip was di-
rectly above the Hela cell. Both I3 and I. have positive values.
Fig. 2D shows the time-dependent variation of the feedback cur-
rents, calculated as (I. — I3), measured by SECM following the addi-
tion of 30 mM KCN. The black and red dots are the feedback
currents of O, reduction and FcMeOH oxidation, respectively. Dur-
ing the first 15 min, HeLa cells generated negative feedback for O,
reduction and positive feedback for FcMeOH oxidation. At about
18 min, the positive feedback currents of FcMeOH oxidation de-
creased to negative feedback values. After about 20 min, the nega-
tive feedback currents for O, reduction increased to a smaller
negative value. The small negative feedback currents observed
25 min after the addition of CN~ are due to the blocking effect that
the cells have on either FcMeOH or O, diffusion and indicate the
cessation of Hela cell activity. The time needed for the rapid
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Fig. 2. SECM images of HeLa cells following the addition of 30 mM KCN into a culture medium (A) without, and (B) with 1 mM FcMeOH. (A) A Hg/Pt UME at —0.6 V and (B) a
Pt UME at 0.6 V was scanned 15 pm above the dish bottom at 3 um/s. All images are 60pm x 70 pm. (C) A schematic graph for the dish current, Iy, and the cell current, I.. The
brown line outlines the shape of a HeLa cell on the Petri dish. The red curved arrow indicates the reaction occurring on the electrode. (D) Variation of the feedback currents
measured by SECM with time. Feedback currents were calculated as the difference between I and I.. Error bars are from two experiments. The dashed lines are guides for the

eye.

decrease of the activity of HeLa cells was about 20 min, which
matches well with previously reported results [41].

Cyanide ion is known to be lethal for mammalian and bacterial
cells [41,43]. Cyanide may bind tightly to cytochrome oxidase and
block electron transport in the respiration chain. These experi-
ments clearly suggest that both the O, reduction and FcMeOH oxi-
dation reaction can be used to monitor the cell activity on the Petri
dish. The positive feedback of FcMeOH is due to the interaction of
FcMeOH" with living HeLa cells. Dead cells only show negative
feedback.

3.4. Cell viability test using FcMeOH oxidation upon UVC radiation

The relationship between cell viability and FcMeOH feedback
was further tested by exposing HelLa cells to UVC radiation. Before
the irradiation, all HeLa cells generated positive feedback for the
FcMeOH oxidation. Fig. 3A shows a SECM image of Hela cells in
a culture medium containing 1 mM FcMeOH after a dose of
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Fig. 3. (A) SECM images of HeLa cells obtained in a culture medium containing
1 mM FcMeOH after a 16 Jm2 dose of UVC radiation. A 10 um Pt UME at the
potential of 0.6 V was scanned at 3 pm/s. All images are 400 um x 200 um. (B) The
effect of UVC radiation on the viability of the HeLa cells. The error bar was
determined from different experiments. The line is a guide for the eye.

16 ) m~2 of UVC radiation. After the irradiation, most of the HeLa
cells showed negative feedback. The irregular stretched shape of
some cells in the lower part of the image is caused by tip contact
leading to dragging of some cells by the scanning electrode tip.
Since dead Hela cells do not adhere strongly to the dish, the mov-
ing tip can remove loose cells from the surface, especially if a cell
attaches to the tip end.

Fig. 3B shows the dependence of cell viability on the dose of UV
radiation. Cell viability was calculated from the ratio between the
number of HeLa cells generating positive feedback and the total
cell number within the area. Indicated by the solid line, exposure
to UVC radiation results in a dramatic decrease in HeLa cell viabil-
ity. After a dose of 16 J m~2, only 15% of the HelLa cells generated
positive feedback for FcMeOH oxidation. Similar effects of UVC
radiation on the survival rate of HeLa cells was reported previously
[44]. Exposure of mammalian cells to UV radiation is known to
damage the cellular DNA, leading to either cell mutation or death
[45,46].

Both CN™ and UV experiments suggest that dead HeLa cells gen-
erate negative feedback while living cells generate positive feed-
back. Hence, the FcMeOH oxidation reaction can be used as an
electrochemical indicator to test the viability of HeLa cells.

3.5. Glucose effect on the positive feedback of FcMeOH

The species within the HeLa cells that can reduce FcMeOH" are
of interest in understanding the FcMeOH feedback. As one of the
most important nutritional reductants for mammalian cells, the ef-
fect of glucose on the feedback behavior of HeLa cells was tested.
Fig. 4A shows SECM images of HeLa cells in a culture medium con-
taining 1 mM FcMeOH without glucose. Then, the electrode was
positioned and held 8 pum above the top of a HeLa cell at 0.6 V, indi-
cated by the arrow in Fig. 4A. One hour later, image Fig. 4B was
obtained.

Positive feedback of FcMeOH was still observed even after 1 h
consumption of reducing equivalents within the single HeLa cell.
The total amount of charge consumed during the 1 h experiment
can be calculated to be 4.3 uC through integration of the cur-
rent-time curve. If only 10% of the tip current due to the oxidation
of FcMeOH was regenerated by the HelLa cell directly below it, the
cell would have donated electrons to the FcMeOH" in an amount
equivalent to g = 0.43 pC. Since there was no glucose in the culture
medium, the HeLa cell could not obtain extra glucose from the
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Fig. 4. SECM images of HeLa cells monitored by the FcMeOH oxidation reaction in a culture medium without glucose, but containing 1 mM FcMeOH. A 10 pm Pt electrode at
the potential of 0.6 V was scanned at 5 pm/s. Images were taken (A) before, and (B) after the potential step at 0.6 V for 1 h, while the electrode was held 8 jum above the HeLa

cell indicated by the black arrow in (A).

solution. With the assumption that all glucose undergoes complete
oxidation, the maximum charge, q,, generated only from glucose
within a single cell can be calculated from Eq. (1) to be approxi-
mately 26 nC,

gy = NFC,V, = gnFanrf 1)
where n = 6 is the total number of electrons for glucose oxidation, F
is the Faraday constant, V¢ is the volume of one HeLa cell,
r.~ 13 um is the average radius of a HeLa cell in suspension, and
Cg is the concentration of glucose within the cell, taken to be
~5 mM [47]. The q is more than 10 times q,, suggesting additional
sources of electrons that produce the observed positive feedback
such as glutamine and NADH [48,49].

3.6. Feedback of different electrochemical mediators:
Co(bpy)3", Co(phen)3", Fe(CN):~, TMPD and FcMeOH

Fig. 5A-F shows SECM images of HeLa cells obtained using a
10 um Pt UME in a culture medium containing 1 mM of either
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Co(bpy)3", Co(phen)2*, Fe(CN)a~, TMPD or FcMeOH, respectively.
All images were taken of the same group of HelLa cells while the
tip potential was held for the appropriate oxidation reaction.

In Fig. 5A-C the oxidation current of the mediator above a HeLa
cell was lower than that when the tip was away from the cells. This
negative feedback observed for Co(bpy)3",Co(phen)?" and
Fe(CN)i~ was due to the blocking effect by the cell of the mediator
diffusion as explained above. The same type of negative feedback
was also observed previously with other hydrophilic mediators,
such as Ru(NHg)f;' and Ru(CN)g' on human breast cancer cells [8].

Fig. 5D and E were both taken in a culture medium containing
1 mM TMPD, while the tip potential was held at potentials for
the first and second oxidation of TMPD, respectively. Both images
exhibit positive feedback, which indicates reduction of TMPD*
and TMPD?* by the cells below the tip. Interestingly, the oxidation
current in Fig. 5E is twice that in Fig. 5D, which agrees well with
the number of electrons transferred. For comparison, the SECM im-
age obtained in a solution containing 1 mM FcMeOH is shown in
Fig. 5F. Similar behavior of HeLa cells has been reported previously
with other redox species [8,15].
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Fig. 5. SECM images of HeLa cells in a culture medium containing different mediators. A 10 pm Pt UME was scanned 20 pum above the dish bottom at 2 pum/s. Oxidation of the
mediator occurred on the tip during scanning: (A) 1 mM Co(bpy);Cl, at E (tip potential) = 0.6 V; (B) 1 mM Co(phen)3Cl, at E = 0.6 V; (C) 1 mM K4Fe(CN)g at E= 0.6 V; (D) 1 mM
TMPD at E=0.5V for first oxidation; (E) 1 mM TMPD at E=0.9 V for second oxidation; (F) 1 mM FcMeOH at E=0.6 V and (G) 1 mM Co(bpy)3CI2 + 0.01 mM FcMeOH at

E=0.6V. The SECM images A-F are 200 um x 130 pm, and G is 280 um x 130 pm.
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The two oxidation potentials of TMPD cover a wider range, from
0.27 to 0.75V, than those of the other mediators tested here. The
different feedback behavior observed for these mediators strongly
suggests that the equilibrium potential of the mediators may be
important, but is not the only factor responsible for the observa-
tion of positive feedback. The charge on every mediator that
showed negative feedback is greater than 1, leading to higher
hydrophilicity. The high charges and low solubility of these medi-
ators in the lipid bilayer suggest that the membrane of the HeLa
cells is impermeable to these mediators. Thus, these mediators
can only interact with HelLa cells by reacting at the cell surface,
not within the membrane. Furthermore, if the HeLa cell contained
an electron carrier M/M" within the membrane, the reduction of
oxidant A" by the HeLa cell would be highly dependent upon its
reduction potential. Since the equilibrium potentials of
Co(bpy)3”, Co(phen);" and Fe(CN);~ are more positive than that
of TMPD, these mediators are more easily reduced than TMPD".
Thus, the observed positive feedback for TMPD and negative feed-
back for the other three mediators suggests that no naturally con-
tained M/M" in the membrane of the HeLa cells can work as the
electron carrier.

Another question about this mechanism is whether FcMeOH/
FcMeOH" can act as the M/M* couple in the plasma membrane of
the Hela cells. The following experiments were thus performed.
An image of HeLa cells were first obtained in a culture medium
containing 0.01 mM FcMeOH and positive feedback was observed
(data not shown). Then, 1 mM Co(bpy)§+ was added to the solution
and SECM images were obtained, shown in Fig. 5G. Although posi-
tive feedback was observed with 0.01 mM FcMeOH, negative feed-
back was observed for Hela cells with the addition of 1 mM
Co(bpy)i*, just as it was in solution without FcMeOH in Fig. 5A.
This negative feedback strongly suggests that FcMeOH/FcMeOH*
cannot act as an electron carrier within the plasma membrane
and the proposed mechanism does not work. Hence, the interac-
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Fig. 6. SECM images of HeLa cells after 1h incubation in a culture medium
containing 10 mM Ag". (A) The Hg/Pt UME was held at —0.6 V. (B) The Pt UME was
held at 0.6V in a culture medium containing 1 mM FcMeOH. The electrode was
scanned 15 pum above the dish bottom at 3 pm/s.

tion between FcMeOH and Hela cells most likely occurs with the
diffusion of FcMeOH through the membrane and into the cyto-
plasm. Experiments showing FcMeOH accumulation within HeLa
cells and its subsequent leakage out, with simulation of the behav-
ior and estimates of the rates of the processes, will be described
elsewhere.

4. Effect of Ag* on HelLa cells

4.1. Cell activity monitored by O, reduction and FcMeOH oxidation
upon exposure to Ag”

Fig. 6 shows SECM images of HeLa cells after the 1 h treatment
of Ag® in a culture medium (Fig. 6A) without, and (6B) with 1 mM
FcMeOH. Both O, reduction and FcMeOH oxidation were used to
monitor HeLa cell viability and the resulting images are shown in
Fig. 6A and B, respectively. As discussed above, the strong negative
feedback observed for O, reduction and positive feedback observed
for FcMeOH oxidation is generated only from living HeLa cells.
Thus, the higher current on HeLa cells in Fig. 6 demonstrates that
the HeLa cells are still active after a 1 h exposure to 10 mM Ag".
Similar results were obtained with lower Ag® concentrations
(range from 10 um to 1 mM). HelLa cells can either prevent Ag"
from leaking across the plasma membrane, or deactivate Ag" be-
fore it interferes with the respiratory chain, as it does with
E. coli. To investigate the interaction between HelLa cells and Ag",
the consumption of Ag" within HeLa cells was studied.

4.2. Ag" Consumption of HeLa cells

Fig. 7 shows the time dependence of the relative Ag* concentra-
tion in solution determined by anodic stripping analysis for living
(red circles) and dead (black squares) Hela cells. At t = 0 min, the
culture medium was changed to one containing 0.5 mM Ag". The
Petri dish was occasionally shaken slightly to ensure homogenous
distribution of Ag”® in the solution. Both the dead and living HeLa
cells caused a decrease in the Ag* concentration in solution. The
concentration of Ag” in solution dropped rapidly within the first
15 min, which indicates fast adsorption or uptake of Ag* by the
cells. Then, the concentration gradually reached a plateau after
20 min, indicating equilibrium between the cells and Ag" in solu-
tion. Control experiments in the absence of cells showed no de-
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Fig. 7. The time-dependence of relative Ag* concentration in solution for living (red
circles) and dead (black squares) HeLa cells in a culture medium containing 0.5 mM
Ag+. Hela cells are highly confluent with coverage of 90%. The lines are guides for
the eye.
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crease in the concentration of Ag* due to the adsorption of Ag* on
the Petri dish.

The electrochemical results suggest that nearly 0.29 mM Ag” in
solution was depleted by dead cells, attributable to complexation
with inorganic functional groups on the cell surface or in the cyto-
plasm [50], with perhaps some reaction with residual formalde-
hyde. Living HelLa cells accumulated only about 10% more Ag"
than the dead HeLa cells, suggesting that although 0.34 mM Ag*
is depleted from the culture medium, most of the Ag* was bound
to the outer surface of the plasma membrane without penetrating
the membrane. The Ag* depletion difference is directly related to
the uptake activity of living HelLa cells. Furthermore, as the two
depletion curves of Ag" show nearly the same trends after
10 min (Fig. 7), Ag" depletion is most likely dominated by the
adsorption process for both dead and living cells in this time re-
gion. On the other hand, HeLa cell viability plays a more important
role for the first few min, which leads to the 10% difference be-
tween the dead and living HeLa cells.

5. Discussion

The electrochemical results suggest that HeLa cells can reduce
FcMeOH". To achieve this activity, a HeLa cell needs to have an oxi-
doreductase system either within the cell or in the plasma mem-
brane to transfer electrons across it. For example, a plasma
membrane NADH-oxidoreductase (PMOR) system is able to trans-
fer electrons from cytoplasm NADH inside the cell to extracellular
electron acceptors, and it is located in the plasma membrane of all
eukaryotic cells, including HeLa cells [51]. The PMOR system is
necessary for maintaining the viability of mammalian cells in addi-
tion to the mitochondrial respiratory capacity [52]. The PMOR sys-
tem, such as NADH-ferricyanide reductase, shows at least two
distinct activities, an NADH-oxidase and a reductase, with a func-
tional link between them. The rate of ferricyanide reduction by
the NADH-ferricyanide reductase is ca. 20 pM/s/10° HeLa cells
[50]. In our experiments, we did not observe any reduction of fer-
ricyanide. However the estimated current for this reaction at a sin-
gle HelLa cell scanned during a SECM experiment would be only
1.9 pA, which would be too small to detect as positive feedback
compared to the oxidation current observed at the 10 um Pt
UME in solution containing 1 mM ferrocyanide. Thus, only negative
feedback was observed from Hela cells for ferrocyanide oxidation
at the tip, as shown in Fig. 5C, because of the blocking effect of the
cell. Simulation results, to be reported elsewhere, suggest that the
effective heterogeneous rate constant for FcMeOH" reduction by
the reductase of the HelLa cells is much faster than that of ferricy-
anide. As the standard potential for FcMeOH" reduction is more po-
sitive than that for ferricyanide, the NADH-ferricyanide reductase
might exhibit a different rate towards FcMeOH* reduction. While
the activity of each PMOR system is associated with different poly-
peptides, HeLa cells may contain an NADH-reductase that is active
for FcMeOH" reduction. Both our experiments and previous reports
suggest that the standard potential of the mediator is an important,
but not sole, condition for reduction activity with HeLa cells. An-
other important factor, however, is the hydrophilicity of the medi-
ator. Hela cells generate positive feedback for the oxidation of
hydrophobic mediators and negative feedback for the hydrophilic
ones. Hydrophobic species are more likely to be able to diffuse into
the plasma membrane and also into the cell, while hydrophilic spe-
cies are excluded, except through special channels or pumps.
Treatment of the cell with FcMeOH does not kill it, as measured
by the near-identical positive feedback from the cell before and
after long time exposure to a culture medium containing 1 mM
FcMeOH. It also has a negligible effect on the cell viability as tested
with Trypan blue.

Although large doses of silver ion may be toxic to mammalian
cells and inhibit growth after long time exposure, no sign of apop-
tosis was observed. Fig. 6 indicates that Ag* in a culture medium
with a concentration as high as 10 mM does not halt the activity
of the HeLa cells over the short term. Previous electrochemical re-
sults [31] showed that 10 um Ag" is lethal to bacteria such as E. coli
with a concentration of 5 x 10° cell/mL, and the respiratory activ-
ity of E. coli ceased within 10 min. Thus, the tolerance concentra-
tion of HeLa cells to Ag" is more than 10° times that of E. coli. As
the average mass and volume of a HeLa cell is only in the order
of 10 times those of an E. coli cell, this high tolerance of the HeLa
cell to Ag” strongly suggests that the HeLa cell and E. coli have dif-
ferent responses to Ag".

Living E. coli accumulated more than twice the amount of Ag*
than dead ones based on electrochemical studies [31]. On the con-
trary, the concentration difference of Ag* depletion between the
living and dead Hela cells is only about 10%. This small difference
suggests that most of the Ag* accumulates within the extracellular
polysaccharide or on the cell wall [50], and only a small amount of
Ag" can penetrate the membrane, interact with components in the
cytoplasm, and stay inside the cell. Short-term silver toxicity stud-
ies of two freshwater algae suggest that silver toxicity is a direct
result of intracellular accumulation, rather than cell surface inter-
action [28]. Thus, the relatively small difference of Ag" uptake by
dead and living HeLa cells correlates well with the fact that HeLa
cells are still active in a culture medium containing a high concen-
tration of Ag".

6. Conclusions

SECM has proved to be a useful tool in probing the viability and
activity of living cells. A living HeLa cell interacts with and reduces
FcMeOH" and generates positive feedback to the tip current of
FcMeOH oxidation during scanning. This positive feedback changes
to negative when the HelLa cell is treated with a toxin, such as
either CN~ or UVC. This change indicates that the feedback can
be used to monitor the viability of HeLa cells on the bottom of a
Petri dish. The feedback during SECM, positive or negative, with
other mediators does not only depend upon their electrode poten-
tial, but is also related to the properties of the mediator like the
hydrophobicity and charge.

As indicated by both O, reduction and FcMeOH oxidation, Ag"
with a concentration as high as 10 mM has no detectable effect
on the viability of HeLa cells over a time period of at least 1 h. This
high resistance of HeLa cells towards Ag" correlates well with the
small concentration difference for Ag" depletion between dead
and living Hela cells.
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