Journal of Electroanalytical Chemistry 688 (2013) 61–68

Contents lists available at SciVerse ScienceDirect

Journal of Electroanalytical Chemistry
journal homepage: www.elsevier.com/locate/jelechem

Characterization of Ag+ toxicity on living ﬁbroblast cells by the ferrocenemethanol
and oxygen response with the scanning electrochemical microscope
Dongping Zhan, Xiao Li, Alexander B. Nepomnyashchii, Mario A. Alpuche-Aviles, Fu-Ren F. Fan,
Allen J. Bard ⇑
Department of Chemistry and Biochemistry, University of Texas at Austin, 1 University Station A5300, Austin, TX 78712-0165, United States

a r t i c l e

i n f o

Article history:
Available online 27 July 2012
Keywords:
SECM
Single living cells
Fibroblast
Consumptive feedback
Ag+ toxicity

a b s t r a c t
The viability of living ﬁbroblast cells cultured on a Petri dish was determined by scanning electrochemical microscopy (SECM). Three kinds of feedback modes for single living cells were derived with different
redox couples: positive, negative and consumptive. The consumptive feedback was unique and distinguished uptake from the response caused by cell deformation. The toxicity of Ag+ ion on the living ﬁbroblast cells was investigated by using both ferrocenemethanol (FcMeOH) and oxygen (O2) as
electrochemical mediators. The results showed that Ag+ ions could be taken up and then reduced to form
sub-micrometer and micrometer sized metal silver particles. The metal silver particles stained ﬁbroblast
cells and give a positive feedback with FcMeOH. These were also identiﬁed by the results of both SECM
and energy dispersive X-ray spectroscopy (EDX). The amount of consumption of dissolved O2 decreased
with time, showing the cell status as the cells died. Since O2 is directly involved in cell metabolism and
the products of O2 reduction are not re-oxidized by metal silver particles trapped on ﬁbroblast cells, it is a
good SECM mediator to characterize drug effects on cell viability. The results suggest the importance of
choice of redox mediator in characterizing cell viability.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Scanning electrochemical microscopy (SECM) [1] has been used
for studies of living cells, e.g., to characterize the viability of living
cells (down to the single cell level) and to screen drug effects [2–4].
The photosynthesis of several kinds of plant leaf cells [5–7] and the
respiration of a variety of living mammalian cells [8–11] were
studied by SECM by detecting changes in the oxygen concentration
near the cells. When exposed to cyanide, mammalian cells lose the
ability to respire and eventually die because of the binding of cyanide to cytochrome oxidase. These kinds of studies demonstrate
that SECM is useful in chemical imaging of cell status in different
environments and provides a novel in situ method to screen the effects of drug delivery. Another way to characterize the cell viability
by SECM is based on the cellular redox reactions and measurements of mediator turnover [12–17]. The reactivity between cellular redox couples and added mediators depends on the properties
of the cell membrane. Generally, hydrophobic mediators give positive feedback since they can permeate the hydrophobic cell membrane. Membrane transports across a living cell or nucleus
membrane have also been investigated by the cell-generation/
tip-collection mode of SECM [18–20]. The cells take up drug mole⇑ Corresponding author. Tel.: +1 512 471 3761; fax: +1 512 471 0088.
E-mail address: ajbard@mail.utexas.edu (A.J. Bard).
1572-6657/$ - see front matter Ó 2012 Elsevier B.V. All rights reserved.
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cules (e.g., menadione) and pump out metabolic products (e.g., thiodione), which can be detected with an SECM tip at lm-distance
above the cell. In addition to studies in the constant height mode
mentioned above, several groups have also developed a constant
distance imaging mode [21,22]. The constant distance mode can
overcome the effects caused by the tip-cell interactions, e.g., cell
deformation, and has the potential for mapping active sites on
the cell membrane.
Silver and its compounds have been used for centuries because
of its antibacterial properties [23]. The interactions between different silver containing compounds and bacterial cells have been
extensively studied and reviewed [24–26]. Although the exact
modes of silver toxicity are still obscure, Ag+ ion has been proposed
to complex with electron donor groups containing sulfur, oxygen
or nitrogen, which exist in the bacterial cell in enzymes, polypeptides, proteins, and nucleic acids [27–30]. The normal functions of
these cellular components are disrupted and the bacteria eventually die. Silver resistance of bacterial cells has also received much
attention from biologists and a silver-binding gene has been identiﬁed [31–33]. The silver resistance results from a protective mechanism that pumps the Ag+ from the cell or from chelation by metalbinding proteins with cysteine or histidine residues [34,35]. The
results of Ag+ uptake and resistance depend on the binding mechanism of Ag+ in bacterial cells. SECM studies about the Ag+ effect on
the respiratory chain of E. coli suggested that 60% of Ag+ ion is
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transported within the cell while 40% binds to the outer membrane
of the bacterium [36]. More recently, an Ag+ ion selective SECM tip
based on ITIES (the interface between two immiscible electrolyte
solutions) was employed to monitor the silver uptake and efﬂux
in situ, and SECM images of ﬁbroblast cells were also obtained [37].
Since antibacterial products containing Ag are used to treat
wounds and burns, it is essential to investigate their toxicity on
mammalian epithelial tissues [38,39]. When human dermal ﬁbroblast cells were exposed to AgNO3 at concentrations of 4, 12,
82.4 mM for 8 and 24 h, the silver ions greatly inhibited ﬁbroblast
proliferation and produced Ag-dependent cell loss. The inhibitory
action on DNA synthesis was the primary event in AgNO3 cytotoxicity, associated with signiﬁcant loss of cell protein. The parallel
study of DNA synthesis and cell protein content suggests that the
toxic damage produced by silver in different phases of the cell cycle may lead to destruction of the entire cell population and therefore hinder the tissue regeneration process. Ag also causes a
concentration- and time-dependent depletion of intracellular ATP
content. While the in vitro methods give time-staged changes of
certain components, it is useful to use SECM to explore Ag+ toxicity
in real time. The previous study in our group on silver toxicity
showed HeLa cells have a strong silver-resistance [17]. In this paper, we study the Ag+ toxicity on single living ﬁbroblast cells. We
propose a new toxicity mechanism derived from the recovered positive SECM feedback by using FcMeOH as redox mediator. The Ag+
effect on cell viability of ﬁbroblast cells was evaluated from cell
respiration determined through monitoring oxygen concentration
in the vicinity of cells.
2. Experimental
2.1. Chemicals and materials
AgNO3, NaNO3, KNO3, Mg(NO3)2, Ag2SO4, Na2SO4, K2SO4, MgSO4,
NaBH4, HEPES, D-glucose were obtained from Fisher. Since Ag+ ion
was present in experimental solutions, halide-free media were
used to avoid Ag+ precipitation: (1) sulfate culture medium contains 1 mM MgSO4, 75 mM Na2SO4, 3 mM K2SO4, 10 mM glucose,
10 mM HEPES and (2) nitrate culture medium contains 1 mM
Mg(NO3)2, 150 mM NaNO3, 6 mM KNO3, 10 mM glucose, 10 mM
HEPES. All chemicals were reagent grade and used as received.
All the aqueous solutions were prepared with deionized water
(18 MX cm, Milli-Q, Millipore Corp., Billerica, MA).
Dulbecco’s modiﬁed Eagle’s Medium with l-glutamine (DMEM),
fetal bovine serum, dimethylsulfoxide (DMSO) and Trypan Blue
were provided by the American Type Culture Collection, ATCC
(Manassas, VA). Trypsin–EDTA solution was purchased from MP
Biomedicals, LLC. HEPES buffered saline solution, and trypsin-neutralizing solution were obtained from Cambrex. All these solutions
were used as received.
2.2. Cell culture and experimental preparation
The 3T3 MEFs WT ﬁbroblast cells (CRL-2752™, Mus musculus
from mouse embryo) were purchased from ATCC and then subcultured in our lab. Cells were grown and maintained in DMEM containing 10% heat-inactivated fetal bovine serum while adhering to
the bottom of the Petri dish. The temperature was maintained at
37.5 °C in a water-jacketed incubator (model 2310, VWR Scientiﬁc)
with 5% CO2. Cell status and coverage were observed with an inverse optical microscope (Olympus Co., Japan). The cell coverage
was controlled to 80 ± 10 % to improve SECM image quality.
Before experiments, the serum-containing DMEM was discarded and the dish was rinsed several times with nitrate medium
to remove the growth medium. Then 2 mL of the nitrate culture

medium containing 50 lM AgNO3 was added to the Petri dish.
After that the cells were incubated for 30 min and rinsed several
times with nitrate culture medium again to remove resident Ag+.
Since nitrate is involved in cell metabolism, a sulfate culture medium with 1 mM redox mediator was used during the long time of
SECM measurements. To detect oxygen concentration in the vicinity of ﬁbroblast cells, no special manipulation was done and the
faradic current resulted from oxygen dissolved in the culture medium from air.
The procedures of cell subculture, the evaluation of cell density
and viability were performed according to ATCC directions. The cell
viability assay with Trypan Blue was used to compare with experimental results obtained with the SECM. All the cell-dealing procedures were carried out in a sterile fume hood (Liberty Co.). And
then the experimental dish was moved and ﬁxed on the SECM
stage.
2.3. Instrument and measurements
All the electrochemical measurements were performed with a
SECM workstation 900B (CH Instruments, Austin, TX). To avoid
chloride contamination of the sulfate culture medium, an Ag/
Ag2SO4 wire was inserted into a glass tube with saturated Na2SO4
solution and sealed with a Vycor tip to construct a reference electrode. A well-polished 10 lm diameter platinum ultramicroelectrode (UME) was used as the SECM tip while a platinum wire
served as the counter electrode. For oxygen detection, a hemispherical mercury drop was deposited on a 10 lm diameter platinum UME for the SECM tip [40]. On the Hg hemispherical UME, the
products of the 2e oxygen reduction are H2O2 and OH. The faradic
current is much more stable than that on a bare Pt tip. A deoxygenated solution of 1.0 M KNO3 containing 5.7 mM mercurous ion and
0.5% nitric acid was used for mercury deposition. Mercury deposition on platinum microelectrodes was carried out at a constant potential of 0.2 V (vs. Ag wire) for 180 s. Following deposition the
electrodes were washed with deionized water and checked with
an optical microscope (Olympus Co., Japan) before further use. A
SECM image scan was performed to locate a single living cell and
the tip was then positioned over it to obtain approach curves. To
elucidate the ‘‘recovered’’ positive feedback image obtained by
FcMeOH (see below), lm-sized silver metal particles were electrolessly deposited on a glass slide by the reaction between dilute
AgNO3 and NaBH4 aqueous solution.
SEM and EDX (Zeiss/LEO, Oberkochen) experiments also were
done to elucidate the results obtained by SECM. The procedure
for preparation of SEM samples was as follows: The cell suspension
with an estimated cell density of 106/mL was dropped onto a
20 nm thick gold ﬁlm, which was deposited on a 1 cm  1 cm glass
slide with a metal evaporator DV 502A (Denton Vacuum, Moorestown, NJ). Cells were allowed to attach to the gold ﬁlm overnight.
Then the cells were rinsed with nitrate culture medium and incubated with 50 lM Ag+ ions for 30 min. The cells were rinsed with
nitrate culture medium several times and incubated in sulfate
medium for 24 h. The samples were taken out and rinsed with
Milli-Q water carefully several times to remove the salts. Finally
the samples were dried in the sterile hood for SEM and EDX
experiments.
3. Results and discussion
3.1. SECM feedback on living ﬁbroblast cells
SECM has a unique advantage over other types of scanning
probe microscopy (SPM) because it can provide the local chemical
activity in the vicinity of living cells. SECM has been shown to be a
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useful in situ method to characterize the cell viability and drug effects in recent years [2]. By using suitable redox mediators, three
kinds of SECM feedback were found; these are summarized here
according to the tip current response obtained on single living cells
(shown in Fig. 1a–c): (a) positive feedback, i.e., the mediator is
recycled by the living cell and the tip current increases when a
tip approaches the cell vertically; (b) negative feedback, i.e., the
mediator is not recycled by the living cell and tip current decreases
during approach due to the blocking effect of the cells; (c) consumptive or shielding feedback, i.e., the mediator is involved in
the cell metabolism and is consumed by the living cell. During
the approach the tip and the cell compete for the mediator in the
tip-cell gap, which makes the approach curve fall below the negative feedback curve. These feedback modes were observed on the
single living ﬁbroblast cells by using different redox mediators.
Fig. 1d shows the different feedback found with FcMeOH,
CoðbpyÞ2þ
3 or O2 obtained above a single living ﬁbroblast cell. Since
the negative feedback reﬂected only the blocking effect of the cell
shape, it could be used as a benchmark (shown as Curve 2 in
Fig. 1d). FcMeOH+ generated on the SECM tip could be reduced
to FcMeOH by the single living ﬁbroblast cells. Thus, the approach
curve for FcMeOH (Curve 1 in Fig. 1d) shows higher currents than
Curve 2. Note that the current during a cell approach by the tip
does not correspond to the mass transfer controlled positive feedback approach curve in SECM, e.g., as seen with an electroactive
substrate. Rather, in this cell approach curve the tip feedback is
limited by the kinetics of the redox process on the substrate, i.e.,
the kinetics of the reduction of FcMeOH+ by the cell [1]. On the
contrary, O2 is involved in the metabolism of single living ﬁbroblast cells that compete for O2 with the SECM tip. As a result, this
is a shielding approach curve that falls below the theoretical negative feedback curve (Curve 3 in Fig. 1d) [41]. These results show
that one should consider not only the redox potential of the mediator but also the reactivity of the chosen mediator with cell components. In general, hydrophobic redox mediators sometimes
show positive feedback, because they can penetrate the cell mem-

(a)

(b)
Re

Ox

Re

Ox

Ox

(d)
1
1.0

IT

2
0.8

3
0.6

0

2

4

6

brane, while hydrophilic mediators often show negative feedback
[14,17].
It is important to conﬁrm that deviation for the O2 approach
curve (Fig. 1d–3) from negative feedback is caused by O2 consumption by the cell rather than by cell topography, since both cases can
produce a net reduction in tip current as compared to it,1, the diffusion limited current of the tip when it is far from the cell. Experiments were done to identify the difference between the two cases
and the results were shown in Fig. 2. Fig. 2a shows the difference
between the approach curves above single living ﬁbroblast cells
with coverage of 85 ± 5 % using CoðbpyÞ2þ
3 , which generates negative feedback, and O2 as mediators. Note that the normalized approach curve, IT = it/it,1 vs. normalized distance, d/a, of O2 lies
well below that of CoðbpyÞ2þ
3 . If the living ﬁbroblast cells did not
consume oxygen, both normalized approach curves should be the
same within experimental error due to the cell shape. Another
experiment (Fig. 2b) shows the normalized current, IT vs. tip displacement for oxygen consumption of living and dead ﬁbroblast
cells. The triangle point line is the negative feedback over the bottom of the Petri dish without cells (an insulator). The square point
line is the consumptive feedback of oxygen over single living ﬁbroblast cells. The circle point line is the approach curve over ﬁbroblast cells exposed to the experiment medium containing 20 mM
sodium cyanide for 30 min. The result of a Trypan Blue experiment
showed that most of the cells died after 20 min exposure to 20 mM
cyanide. The signiﬁcant difference between live and dead cells (the
latter essentially the same as the negative feedback over the insulator) showed that correspondence between the nature of the feedback and cell viability is good. These results show that the
consumptive feedback approach curves depend strongly on the
viability of the cells. As living cells gradually lost their viability,
the shape of the feedback curves would change ﬁnally overlapping
with a negative feedback approach curve. Over the time scale of
our experiments, the cells maintain their shape as observed with
an inverted optical microscope, in agreement with previously reported results [10]. Thus, our results conﬁrm that our deﬁnition
of consumptive feedback is reasonable.
3.2. SECM images based on different feedback modes with living
ﬁbroblast cells

(c)
Re
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Fig. 1. Schematics (a–c) and approach curves (d) of the feedback modes for single
living ﬁbroblast cells. (a) Positive feedback (curve d-1, 1 mM FcMeOH); (b) negative
feedback (curve d-2, 1 mM CoðbpyÞ2þ
3 ); (c) consumptive feedback (curve d-3,
dissolved O2 from air, ca. 0.25 mM). Hg/Pt hemispheric tip in sulfate medium, the
approach rate is 1 lm/s.

One can characterize the viability of living cells with SECM
images. The difference between the normal cells and abnormal
cells provides information on the cell behavior in various environments, especially for the mechanism of drug delivery and cell
metabolism. As discussed above the SECM image is based on differences between negative, positive and consumptive feedback.
Usually the SECM tip is placed on a region without living cells
and ﬁxed at a certain distance (usually 10–15 lm) above the bottom of a Petri dish through the negative feedback curve with a
mediator of choice. Then the SECM tip is moved above a living
cell region to obtain the SECM image. Fig. 3 shows the SECM
images obtained by a hemispherical Hg tip with FcMeOH
(Fig. 3b), CoðbpyÞ2þ
3 (e) and O2 (c and f). FcMeOH shows positive
feedback because it is oxidized at the tip and the ferrocenium
form can interact with reduced material in the cell. CoðbpyÞ2þ
3
on the other hand, shows negative feedback, even though the
+3 form is more oxidizing than ferrocenium, presumably because
it is too hydrophilic to enter the cell membrane. After the cell image with FcMeOH (b) or CoðbpyÞ2þ
3 (e) was obtained, the potential
was switched to that for oxygen reduction to obtain an image of
the oxygen distribution in the vicinity of the same cells (c and f).
In accordance with the feedback of these redox mediators as described above, FcMeOH gave a positive feedback and the current
in the vicinity of single living ﬁbroblast cells was higher than
the background. The background corresponds to the Petri dish
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Fig. 2. Approach curve of a Hg/Pt tip over ﬁbroblast cells (a) comparison of (j) CoðbpyÞ2þ
3 oxidation and (o) O2 reduction. (b) O2 reduction of living ﬁbroblast cells before (j)
and after (o) exposure to 20 mM NaCN for 20 min. (N) O2 reduction approach curve to a clean Petri dish. All other conditions are the same as shown in Fig. 1.
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Fig. 3. Comparison of FcMeOH, O2 and CoðbpyÞ2þ
3 imaging results. (a) Cyclic voltammograms (CV) for 1 mM FcMeOH oxidation and O2 reduction with a scan rate of 50 mV/s,
(b and c) SECM images of the same ﬁbroblast cells with (b) FcMeOH at 0.1 V and with (c) O2 at 1.4 V. (d) CV for CoðbpyÞ2þ
3 oxidation and O2 reduction with a scan rate of
50 mV/s. (e and f) SECM images of the same ﬁbroblast cells with (e) CoðbpyÞ2þ
3 at 0.1 V and (f) with O2 at 0.8 V. The scan rate is 100 lm/s while all other conditions are the
same as in Fig. 1.

surface blocking diffusion to the tip, i.e., negative feedback. As to
CoðbpyÞ2þ
3 and oxygen, the currents in the vicinity of single living
ﬁbroblast cells were lower than the background. For CoðbpyÞ2þ
3 ,
the contrast comes from the cell hindering diffusion to the tip
more efﬁciently than the surface of the dish, i.e., an effect of
the cell shape. For O2, in addition to the blocking of mass trans-

port to the tip, the tip detects a lower concentration of O2 because of cell respiration. The image contrast is a function of cell
viability, cell shape, diffusion coefﬁcient of the redox mediators
and the interaction between the living cells and the mediators.
For the same mediator, the image strength depends strongly on
the cell viability, which is discussed in the following sections.
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Fig. 4. (a) SECM image of a single living ﬁbroblast cell with a Pt tip in sulfate medium with 1 mM FcMeOH, the tip potential is held at 0.3 V while the scan rate is 100 lm/s. (b)
SEM image of a dried ﬁbroblast cell. The SEM accelerator voltage is 10.00 kV and the scale bar is 10 lm.
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Fig. 5. SECM images (a and b) for cell viability determination. (a) Fibroblast cells (coverage 85%) before and (b) after exposure to 20 mM NaCN for 25 min. Pt tip in sulfate
medium with 1 mM FcMeOH, the tip potential is held at 0.3 V while the scan rate is 100 lm/s. (c) Cell viability change with exposure time, the viability was calculated by the
average ratio between the tip current above the cell and that above the Petri dish obtained from the cells in a 500 lm  500 lm region.

3.3. Mechanism of Ag+ ion toxicity characterized by FcMeOH
Single ﬁbroblast cells cultured on the bottom of the Petri dish
with a coverage of 85 ± 5 % were used for SECM imaging. The sulfate culture medium containing 1 mM FcMeOH was added into
the Petri dish for SECM experiments. A typical image of a single
ﬁbroblast cell is shown in Fig. 4a (compared to the SEM image
shown in Fig. 4b). The cell size in SECM images agrees with that observed by SEM. Since both the diffusion coefﬁcient (7  106
cm2/s) [41] and the kinetic rate of reduction are relatively large,
the FcMeOH+ generated by the tip that diffuse to the cell, enter
the membrane and are reduced, giving a relatively weak positive
feedback in the ambient membrane region.
Fig. 5 illustrates the difference between normal single living
ﬁbroblast cells (a) and dead ones (b), killed with 20 mM cyanide
for 25 min. As mentioned above, the results of Trypan Blue essay
show that most of the living cells die after this treatment with cyanide. Only living cells give positive feedback while dead cells give
negative feedback. This is the basis of determining cell viability by
SECM imaging. As the CN exposure time increases, the ratio of the
current in the cell region to background current changes from the
initial positive feedback to a ﬁnal negative feedback (dead cells).
Thus, the viability can be determined from the ratio of the tip current over the cells to that over the Petri dish surface. Fig. 5c shows
the static viability change with time after the addition of 20 mM
cyanide to the sulfate culture medium with a single ﬁbroblast cell.
Cyanide anions are reported to combine with proteins in the respiration chain of ﬁbroblast cells and kill the cell rapidly, so cell respiration ceases. These results agree with previous reports from
the Matsue group [10].

Ag+ toxicity was also evaluated by SECM using FcMeOH as redox
mediator. The ﬁbroblast cells cultured on the Petri dish (coverage,
85 ± 5%) were rinsed with a nitrate culture medium several times.
Then 50 lM AgNO3 was added to the nitrate culture medium and
the cells incubated for 30 min. Then the cells were rinsed with nitrate culture medium several times to remove the Ag+ left in the
medium. Finally, a sulfate culture medium was added to perform
the SECM experiments. The viability of ﬁbroblast cells, as deﬁned
by the ratio of tip current over the cells to that over the Petri dish
background was studied after addition of 50 lM FcMeOH (Fig. 6d).
The viability decreased with time, but at longer times
(t > 150 min), the cells continued to maintain a relatively weak positive feedback current that never changed to negative feedback, as
expected if all of the cells died. When the cells were kept on the
SECM stage overnight, positive feedback recovered. For comparison, Trypan Blue experiments showed that the ﬁbroblast cells,
which survived for more than 7 h in a sulfate medium without
Ag+, died after about 2 h when exposed to 50 lM Ag+ ions. Fig. 6
shows the ﬁrst image (a) and the image after 24 h (b) of the same
cell. The strength of the positive feedback was enhanced a little
after 24 h. This ‘‘recovered’’ positive feedback is caused by production of metallic Ag particles which can act as open circuit metallic
substrates; a SECM image with FcMeOH on the silver particles electrolessly deposited on glass is shown in Fig. 6c. Thus the experiment with cells can be explained as: (1) an initial decrease of the
feedback strength reﬂecting loss of cell viability at the ﬁrst stages
after the addition of Ag+ and (2) Ag+ ions taken up by the cells
being reduced to Ag metal particles. These particles form up to
lm sizes and are immobilized on or inside the cell membrane, so
the cells resemble a Ag-particle substrate and show positive
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Fig. 6. Cell images of a same ﬁbroblast cell derived from FcMeOH after ﬁbroblast cells were incubated with 50 lM AgNO3 for 30 min: (a) immediately after incubation and (b)
after 24 h. (c) is the image of a metal silver particle electrolessly deposited on a glass slide. (d) The viability change of ﬁbroblast cells with time in 3 h. Tip: 10 lm diameter Pt
disk. Solution: sulfate medium with 1 mM FcMeOH. The tip potential is held at 0.3 V while the tip raster rate is 100 lm/s.

Fig. 7. SEM studies of a dried ﬁbroblast cell after incubation in nitrate medium with 50 lM AgNO3 for 30 min: (a) image of the cell, (b) detail of the nucleus. (c–e) EDX
analysis: (c) Au/glass slide, (d) cell membrane and (e) nucleus. The SEM accelerator voltage is 10.00 kV and the scale bars are 10 lm (a) and 3 lm (b).

feedback of FcMeOH at open circuit. The fact that these particles
have radii of the order or smaller than the radius of the scanning
tip disk yet show feedback characteristic of a larger conductive
substrate suggests that these particles are somehow interconnected, so that the reduction reaction of the ferrocenium form
can be compensated by oxidation of FcMeOH at a location not under the tip.
The formation of Ag particles was also veriﬁed by SEM and EDX
measurements (Fig. 7). SEM shows a large bright block in the region of the nucleus, which has a higher conductivity than other cell
regions (Fig. 7a and b). EDX showed the elements in different re-

gions of the cell (cell membrane Fig. 7d, nucleus 7e) and the background (Au substrate, 7c) and conﬁrm the main element of the
bright region is silver. Since Ag+ ion is a strong oxidant, it would
be reduced by any reductants existing in the cell to form metallic
silver particles. Ag particles have been extensively studied as an
antibiotic for bacteria, so the particles themselves may be responsible for cell death. The smaller particles can grow and aggregate
and thus connect with each other to form larger conductive islands, resulting in the positive feedback that is recovered after
24 h. Thus in studies of heavy metal toxicity using SECM and redox
mediators, one must be careful to eliminate feedback from metal
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Fig. 8. Oxygen consumption images of living ﬁbroblast cells: (a) before and (b) after 20 min incubation in 20 mM NaCN. Tip potential is 1.2 V while scan rate is 100 lm/s. (c)
The viability change of ﬁbroblast cells with time after ﬁbroblast cells were incubated with AgNO3 for 30 min, the concentration of AgNO3 are (j) 200 lM and (o) 20 lM. Tip
and electrolyte: Hg/Pt hemispheric electrode in sulfate medium.

particles as a measure of cell viability. One must also investigate
whether the metabolic products of the drug being studied react
with the redox mediator spontaneously.
In summary, although FcMeOH feedback does not give an
unambiguous response of single ﬁbroblast cell viability upon exposure to Ag+, it can provide time-dependent information about Ag+
toxicity, before Ag nanoparticles formation dominates the
response.
3.4. SECM characterization of Ag+ toxicity by oxygen reduction
imaging
An alternative approach to SECM imaging of single ﬁbroblast
cell viability is to study its respiration by determining the oxygen
concentration above the cell by its reduction at the tip. A hemispherical Hg drop electrode was used as the SECM tip [40]. Fig. 8
shows images of ﬁbroblast cells (a) before and (b) after 20 min
exposure to 20 mM CN, shown with the same color scale, where
green represents smaller currents and yellow/brown the background oxygen reduction on the Petri dish. Living cells show obvious oxygen consumption above the cells (see Fig. 8a), while after
the introduction of NaCN to kill the cells, only background O2
reduction and thus negative feedback was observed (see Fig. 8b).
Results for Ag+ are shown in Fig. 8c. Note that the feedback never
changed to positive feedback even after 24 h, indicating that the
product of oxygen reduction (H2O2) was not re-oxidized by Ag particles on the cells. Thus respiration and oxygen detection is a good
way to characterize Ag+ toxicity. Note here, since the cells consume
oxygen and decrease the current, that an increase in the it/it,1 ratio
indicates cell death, opposite to the FcMeOH case. Fig. 8c shows the
changes of single ﬁbroblast cells viability with time after the cells
were incubated in the sulfate culture medium with different Ag+
ion concentrations. An obvious change of cell viability could be observed when incubated in the solution with lower Ag+ ion concentration as evident from the slow increase in the it/it,1 ratio. When
the concentration was 200 lM, the viability was very small from
the beginning of the SECM scan and there is a smaller change of
viability with time. The reported results of MTT and BrdU assays
showed that the reproducible Ag+ toxic dose on human dermal
ﬁbroblast cells ranged from 4.12 to 82.4 lM [38,39]. There might
be different mechanisms for silver toxicity for low and high Ag+
concentrations. When cells were exposed to the Ag+ with the concentration in this range (20 lM), the cell took up Ag+ ions fast enough that Ag+ ion did not deposit in the cells by chemical
interactions with cell components. There are many time-dependent interactions between cell components and Ag+ ions, including

redox reactions, association/dissociation, aggregation and cell
deformation. These processes would disturb functions of DNA, enzymes, and proteins. As a result, the cells would gradually die and
slowly decrease their respiration rate. When the concentration of
Ag+ is higher than this interval, the Ag+ ion can suddenly precipitate on the membrane and block mass transfer and communication
between the cells and their environment. In this case the cells
showed low viability from the beginning and little changes during
the subsequent time. In the clinic, the use of high concentrations of
Ag+ usually causes black spots on the skin that disappear after several days. This is consistent with the death of skin cells and denaturation of protein caused by sudden deposition of Ag.
4. Conclusions
Three kinds of SECM feedback modes were obtained with single
living ﬁbroblast cells: positive, negative and consumptive or
shielding, according to the local current response obtained by the
SECM tip. The SECM images based on the different feedback modes
were veriﬁed from approach curves with appropriate redox mediators. Changes in cell viability were followed by SECM imaging. Silver toxicity was investigated by using FcMeOH and oxygen as
redox mediators. Since FcMeOH could be recycled by silver metal
particles, the cells produced a net positive feedback. The recovering
of FcMeOH positive feedback and an ultimate steady-state current
indicated that the silver ion taken up by the cells could be reduced
and aggregated to form silver metal particles. This unique mechanism was uncovered by in situ SECM and conﬁrmed by SEM and
EDX measurements. On the contrary, the whole process of ﬁbroblast cell death could be monitored measuring respiration of dissolved O2 as the SECM mediator because the products of oxygen
reduction are not recycled on silver metal particles formed inside
the cells. The silver toxic dose found with SECM agreed with the results of MTT and BrdU methods.
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