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We report the use of a micropipet-supported ITIES
(interface between two immiscible electrolyte solutions,
also called a liquid/liquid (L/L) or water/oil (W/0)
interface) as a scanning electrochemical microscopy
(SECM) tip to detect silver ion and explore Ag" toxicity in
living cells. A 1,2-dichloroethane solution containing a
commercially available calixarene-based Ag" ionophore
(IV) was injected into a micrometer-size glass pipet to
construct an Ag'-selective SECM tip. The local Ag"
concentration, down to the micromolar level, in the
vicinity of living fibroblast cells, was monitored by SECM
approach curves and through imaging of the uptake and
efflux of Ag™ by living fibroblast cells in real time. The
results show that several stages of interaction between Ag*
and fibroblast cells exist. Since a number of biological
processes of cells are involved with non-redox-active ions,
the work presented here provides a new way to explore
cell metabolism, drug delivery, and toxicity assessment
by SECM.

Scanning electrochemical microscopy (SECM), most fre-
quently with an ultramicroelectrode (UME) tip (disk diameters,
d < 25 um), has become a useful scanning probe technique due
to its unique ability to explore local chemical activity quantitatively
with micrometer or submicrometer spatial resolution.! In recent
years, SECM has been actively applied by a number of groups to
investigate living cells in real time.2? A redox couple is usually
used as a mediator, which is sometimes directly involved in the
metabolic processes of living cells. Generally, a hydrophobic
mediator gives positive feedback, whereas a hydrophilic one gives
negative feedback.*8 From the magnitude of the positive or
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negative feedback, the viability of the living cell can be judged.
In this application, the choice of the redox mediator is important,
because, if the mediator reacts with certain metabolic products
of the added drugs, the conclusions drawn may not be correct.
Alternatively, one can judge cell viability by a species that is
consumed or produced by the cell itself. Oxygen consumption is
frequently used for this purpose.b’ However, the reduction of
oxygen produces hydrogen peroxide at some electrodes, which
can be harmful to some cells at a high local concentration. While
SECM has been valuable for characterizing living cells by studying
electroactive species,? an approach that allows electrochemical
determination of nonelectroactive species as well, especially at
low concentrations, would be useful.

In this paper, we have studied Ag*, which is known to inhibit
bacterial and fungal growth,’ and its effect on a mammalian cell.
The mechanisms of the interaction between silver compounds and
bacteria are also extensively studied.”~!! Since silver-containing
antibiotics are usually used to deal with wounds, it is important
to investigate their toxicity on mammalian epithelial tissue. The
effects of various metal ions on mammalian fibroblasts and human
tissue mast cells have been tested in vitro.12~1> Metal ions produce
dose-dependent cytopathogenic effects in distinct cell types. The
similar response of cells to some heavy metal ions implies that
these ions may act on fibroblasts by similar mechanisms. Within
4 h, the rate of metal ion uptake correlates well with the depression
of succinic dehydrogenase activity. With longer exposure, ~8 h,
protein synthesis is depressed. Silver ions inhibit the proliferation
of human dermal fibroblasts after 24-h exposure mainly through
the inhibitory action on DNA synthesis and depletion of intercel-
lular ATP content.!® Nevertheless, in situ monitoring silver ion in
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the vicinity of living fibroblast cells can aid our understanding of
the mechanism of silver action on mammalian epithelial cells.
Recent SECM studies on Escherichia coli suggested that Ag*t
affects the respiratory chain, with ~60% of the silver ion taken up
within the cell and 40% binding to the outer membrane of the
bacterium.!6

While Ag™ is electroactive and can be reduced to Ag metal at
a tip, its reduction occurs so easily that other reducible species,
like oxygen, can interfere with its determination, especially at low
concentrations. While stripping techniques can be applied,® it
would be useful to have an alternative approach, like that based
on ion transfer at the ITIES.)” Ion transfer and facilitated ion
transfer (i.e., an interfacial complexation reaction between ion and
ionophore) also results in a current flow and can be detected
electrochemically.’8-20 Thus, this approach can be used to
investigate charge transfers across a L/L interface of ionic species
that are not redox active. The ITIES supported in a micropipet
have the advantages of being equivalent to an UME and can be
used as a SECM tip to study charge transfer across the ITIES
and interfaces that are somewhat analogous to biomembranes,1821-2>
Since a large number of biochemical processes involve ion transfer
across the cell membrane, it is useful to learn what occurs in living
cells by detecting the concentration of these ions or by stimulating
certain processes to occur by modulating the concentration of
corresponding ions. In this paper, a supported water/1,2-dichlo-
roethane (DCE) interface micropipet is employed as a SECM tip
to monitor local Ag* concentration in the vicinity of fibroblast cells.
The results show that it is a useful method for exploring the
interaction between silver ions and fibroblast cells and cell
imaging.

EXPERIMENTAL SECTION

Chemicals and Materials. Calixarene-based silver ionophore
(IV)% and potassium tetrakis(4-chlorophenyl)borate were pur-
chased from Fluka. Ag,SOy, bis(triphenylphosphoranylidene)-
ammonium chloride, and octyltriethoxysilane were supplied by
Aldrich. Bis(triphenylphosphoranylidene) ammonium tetrakis (4-
chlorophenyl)borate (BTPPATPBCI) was prepared by the same
method reported elsewhere.?’” Na,SO,, K,SO,, MgSO,, HEPES,
D-glucose, and DCE were obtained from Fisher. All chemicals
were reagent grade and used as received. All aqueous solutions
were prepared with deionized water (Milli-Q, Millipore Corp.).
The organic solution was purified DCE.
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The 3T3 MEFs WT fibroblast cells (CRL-2752, Mus musculus
from mouse embryo), Dulbecco’s modified Eagle’s medium with
l-glutamine, fetal bovine serum, dimethyl sulfoxide, and trypan
blue were obtained from ATCC and HEPES-buffered saline
solution and trypsin neutralizing solution from Cambrex. Trypsin—
EDTA solution was purchased from MP Biomedicals, LLC. All of
these solutions were used as received.

Cell Culture and Preparation. The fibroblast cells from
ATCC were grown and maintained in Dulbecco’s modified Eagle’s
medium with l-glutamine/10% heat-inactivated fetal bovine serum
while they adhered to the bottom of the Petri dish. The temper-
ature was maintained at 37.5 °C in a water-jacketed incubator
(model 2310, VWR Scientific) with 5% CO,. Since Ag™ was added
into the solution for some experiments, the chloride-containing
growth medium could not be used in electrochemical measure-
ments to avoid the precipitation of silver chloride at certain
chloride concentrations. Before the experiments, the growth
culture medium was removed and the dish rinsed several times
with chloride-free growth medium? (in our experiment: 10 mM
HEPES, 10 mM glucose, 75 mM Na,SO4, 1 mM MgSO,, and
3 mM K,SO,) and then with 25 mM Na,SO, aqueous solution.
Finally, 0.5 mL of 0.1 mM Ag,SO, was mixed with 2 mL of
25 mM Nay,SO, and added into the Petri dish for SECM measure-
ments. The tip potential was fixed at —0.5 V (as shown in Figure
2) when SECM experiments were performed.

The procedures of cell culture, cell density evaluation, and
viability determination were performed according to the instruc-
tions provided by ATCC. The cell viability studies with trypan blue
were carried out to compare these with the experimental results
obtained by SECM. All of the cell procedures were carried out in
a sterile fume hood (Liberty Co.), and then the experimental Petri
dish was moved and fixed on the SECM stage.

Instrumentation. An Olympus inverted microscope (Olympus
Co.) was used to observe the cell coverage and growth status of
the fibroblast cells. Micropipets were prepared with a model-2000
laser puller (Sutter Instrument Co.) as described elsewhere.!8 An
Olympus microscope was used to examine the quality and
measure the diameter of the micropipet. SEM images of fibroblast
cells were performed using a LEO 1530 scanning electron
microscope (Zeiss/LEO, Oberkochen, Germany) to compare
these with the SECM images. All of the electrochemical measure-
ments were performed with a commercial SECM workstation (CH
Instrument Co., Austin, TX) with the stage mounted on the
inverted microscope.

RESULTS

Silver Ion Detection with Micropipet-Supported ITIES
Tip. Employing electrochemistry at an ITIES provides a useful
way to construct an amperometric ion sensor. Recently, O’ Dwyer
and Cunnane described silver ion transfer facilitated by the
commercial calixarene-based Ag™ ionophore (IV) across the
water/DCE interface.?6 They demonstrated that it provided high
selectivity and sensitivity for silver ion detection. To explore the
uptake and efflux of silver ion by the fibroblast cells, we applied
this approach to a sensor designed for SECM use. Figure 1 shows
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Figure 1. Schematic diagram of SECM for the in situ measurement of the local Ag*™ concentration in the vicinity of fibroblast cells by using the
micropipet-supported water/DCE interface as a tip. Aqueous phase: 20 uM Ag>SO,4 + 20 mM Na;SO,. DCE phase: 20 mM silver ionophore

+ 10 mM BTPPATPBCI.
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Figure 2. Typical voltammograms of the facilitated Ag™ transfer by
the commercial ionophore. Radius, a, of the micropipet is 18 um; the
sweep rate is 50 mV/s. The initial potential of the tip was fixed at
0.0 V (no Ag* transfer) for 6 s and then scanned negatively. The
dashed line is the potential window of the system without Ag™ in the
aqueous solution. The solid line shows the cyclic voltammogram 3
min after Ag,SO, is added into the aqueous solution. The concentra-
tion of Ag2SO4 is 10 uM. The inset is the linear—log relation between
Ag™ concentration, (M) the steady-state current, and (@) the peak
current.

the schematic diagram for the detection of silver ions. The
micropipet-supported ITIES sensor can be represented as follows:

Ag | AgTPBCI | 20 mM silver ionophore IV +
10 mM BTPPATPBCI (DCE) || x uM Ag,SO, +

20 mM Na,SO, (W) | Ag,SO, | Ag

Figure 2 shows typical cyclic voltammograms (CVs) of the
facilitated Ag* transfer with the commercial ionophore and a
micropipet radius of 18 um at a sweep rate, v, of 50 mV/s. The
dashed line shows the potential window of the system in the
absence of Ag™ in the aqueous solution. Then the concentration
of Ag,SO4 in aqueous solution was adjusted to 10 uM. The cyclic
voltammetry was performed from 0.05 V to —0.55 V 3 min after
the addition of Ag,SO4 The solid line shows the CV in the
presence of 10 uM Ag,SO, in the aqueous solution. The asym-
metric shape of the CV is in accordance with the asymmetric

diffusion regime formed at the interface due to the unique shape
of the micropipet.?? When the micro-ITIES was polarized nega-
tively with respect to the Ag/Ag,SO, electrode, silver ion was
driven into the micropipet and the diffusion field was hemispheri-
cal, as depicted in Figure 1. This results in a steady-state current
at the micro-W/DCE interface supported at the tip of a micropipet
given by

1= 3.35anFDac @

where I is the steady-state current, # is the charge number of
the transferred ion, F is the Faraday constant, D is the diffusion
coefficient of the transferred species, a is the radius of the
micropipet, and ¢ is the bulk concentration of the ionophore. When
the micro-ITIES were polarized positively, the silver ion moved
out of the micropipet and the diffusion field became linear, which
resulted in a peak current. The peak current is proportional to
the concentration of silver ion and the square root of v; i.e., the
voltammetric behavior follows the Randles-Sevcik equation:

i,=0.4463 x 10 *wF)*?ARD *D"*cv'* (2

where i, is the peak current, A is the area of the micro-ITIES, R
is the gas constant, and 7 is the absolute temperature. From the
linear relationship between the current and the concentration of
silver ion, both equations give an average diffusion coefficient of
Ag*tas (8.2 £ 0.4) x 1076 cm2/s. Most importantly, the ionophore
shows good selectivity against the alkali, IA, and alkaline earth,
IIA, metals that exist in the cells as membrane potential modula-
tors or message transmitters. The supporting electrolyte in this
experiment was 25 mM Na,SO,, which shows no interference in
Ag* detection. The same applies to other IA and IIA cations.
Moreover, it does not display a response to many transition metals
ions, such as zinc, cadmium, copper, nickel, and iron, which may
participate in the processes of cell metabolism. O’Dwyer and
Cunnane reported that when these interferents were added as
sulfate salts up to 5 x 10> M in the presence of Ag*, the
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Figure 3. Ag" concentration detected by lateral probe scanning. (a) Schematic diagram of the tip scanning across the region with or without
the cell; (b) probe scanning curves from the Petri dish to the fibroblast cell monolayer (the red curve) and the reverse scan (the blue curve), The
upper graph shows the sigmoidal fit of cell coverage along the scan line; (c) normalized probe scanning curves recorded at different times after
Ag™ addition: 15 (black), 42 (yellow), 84 (navy), 125 (wine), and 210 min (yellow); (d) normalized current changes above the monolayer of the
fibroblast cells with exposure time to Ag*™ (x = 9000 um). The tip potential was held at —0.5 V, and the scanning rate was 300 um/s.

amperometric response to 0.05 mM Ag™ remained constant
throughout.?6 The detection limit, defined as a signal/noise ratio
of 3, can reach 1 uM through the steady-state current and
0.2 uM through the peak current.

Lateral Probe Scanning over the Monolayer of Fibroblast
Cells. Investigators chose a monolayer of organisms or certain
cells as a convenient way of obtaining representative information.!
Single, isolated cells, e.g., of bacteria, are often too small (<1 ym)
to be investigated by SECM at the single-cell level. Moreover,
cells communicate with each other, so arrays of cells, like biofilms,
monolayers, or multilayers, can be more characteristic of funda-
mental in vivo biological behavior than single cells, especially for
tests of drug toxicity. As shown in Figure 3a, a drop of culture
medium with the cell density above 1 x 105/mL was deposited
on the Petri dish. In general, it takes ~6—8 h for the fibroblast
cells to adhere to the bottom and form a monolayer of fibroblast
cells (coverage >90%) in the drop medium. At the edge of the
drop, the cell coverage is not homogeneous. Before scanning the
probe laterally toward the monolayer of fibroblast cells, an
approach curve was taken to determine the distance between the
tip of the micropipet and the bottom of the Petri dish over a region

(31) See, e.g., Matsui, N.; Kaya, T.; Nagamine, K.; Yasukawa, T.; Shiku, H.;
Matsue, T. Biosens. Bioelectron. 2006, 21, 1202—1209.
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containing no cells. The micropipet tip was then withdrawn
30 um to perform the lateral probe scanning experiments. As
shown in Figure 3b, as the tip was scanned from outside to inside
the cell monolayer region, the current of facilitated Ag™ transfer,
indicative of the solution Ag™ concentration, gradually decreased
to a constant level. By reversing the tip movement, the current
gradually increased to its initial value in the region without cells.
The current change is related to the cell distribution at the
transition region, the cell coverage, the initial concentration of
Ag*, and the scanning time. The upper graph in Figure 3b is a
sigmoidal fitting curve of the cell coverage (or surface distribution)
from data shown at the bottom of Figure 3b, which agrees with
the results observed by optical microscopy. Panels ¢ and d in
Figure 3 show the change of the normalized current with respect
to time. The normalized current is calculated as the ratio of the
current above the cell monolayer and that above the dish region
containing no cells. To restore the micropipet tip to its initial
conditions following an experiment, the tip was withdrawn
300 um and cyclic voltammetry was performed from 0.05 to
—0.55 V at v of 50 mV/s for several cycles. After that, the current
response of the tip recovered to the value given by eqs 1 and 2
within an acceptable error range (5%). The lateral distribution
would gradually become more uniform with time.



Approach Curve above a Single Fibroblast Cell in a Cell
Monolayer. Studies of the analytical chemistry of single cells
benefits from microfabrication and scanning probe techniques.*
The aim of the investigation of isolated single living cells might
be focused on the studies of the functions of some special
elements in the cell, such as ion channels and functional proteins
and to contrast the behavior with multicell arrays. Moreover,
studying single cells allows one to understand more about cell-
to-cell variability as well as changes with time and environment.
One of our interests here is to explore the concentration change
of Ag™ with time over a single cell by positioning a tip above it.
For SECM imaging a single living fibroblast cell, the cell density
on the substrate was controlled to ensure a coverage of ~85 +
10%. After cyclic voltammetry, approach curve experiments were
carried out to determine the distance between the initial micropi-
pet tip position and the Petri dish bottom (usually adjusted to
30 um), and a SECM image was obtained to locate a single living
cell for approach curve experiments. Approach curves at different
exposure times were recorded as shown in Figure 4a. The
boldface black curve is for a cell-free region and agrees well with
the SECM theory for an approach to an insulating surface. To
avoid the tip touching the substrate and cell, tip travel was stopped
when the current reached 80% of that in the bulk solution. The
results are similar to those of the earlier lateral probe scanning
experiments (shown in Figure 4b); at first the cell is very active
and uptakes Ag* to balance the abrupt potential change of cell
membrane. Phenomenologically, the approach curve deviates
significantly from the black line and cannot reach the limiting value
even at a large d/a value. As time progresses, the approach curves
become more and more like the black curve, but still show some
differences due to the uptake of Ag™. Finally, positive feedback is
observed, which indicates the passive efflux of Agt by the
fibroblast cell. The inset in Figure 4a shows what happens when
the tip penetrates the cell. When the tip touched the cell
membrane and penetrated inside the cell, the currents increased
to higher and higher levels and then collapsed to zero. This shows
that Ag* concentration inside the cell was higher than outside
the cell.

Scanning Electrochemical Image of Fibroblast Cell. We
have recently applied SECM imaging to characterize cell viability
and drug toxicity with a conventional SECM tip? and demonstrate
here the ability of the micropipet tip to be used for imaging.
Although the constant height mode is usually used in SECM,
several groups have also employed the constant distance mode.*-36
The constant distance mode might have the advantage of exclud-
ing tip crashes or the deformation of the cell; however, one must
be careful to eliminate any contamination of the distance-sensing
electrode embodied in the SECM tip. Since we are mainly
interested in the response of the whole cell (e.g., viability), the
constant height mode seems to be a good choice because of its
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Figure 4. (a) Normalized approach curves above a single living
fibroblast cell at different times after 40 uM Ag™ addition. The inset
curve shows the process of the tip penetrating the single cell: 20
(red), 25 (green), 34 (yellow), 45 (cyan), 53 (magenta), 65 (dark
yellow), 71 (wine), 82 (navy), 94 (purple), 105 (wine), 122 (dark
yellow), 131 (royal), 142 (olive), 152 (violet), 166 (orange), 183 (pink),
194 (gray), and 213 min (top black). The negative feedback curve,
shown in boldface black, is the approach curve above the Petri dish
bottom region without fibroblast cells. The tip potential was held at
—0.5V, and the approach rates were 30 um/s. (b) Normalized current
changes at d/a = 1 with exposure time of Ag™.

technical simplicity. Figure 5 shows the cell image using the
micropipet-supported ITIES tip. The negative feedback is based
on the uptake of Ag* by the fibroblast cells. Comparing the cell
size with that obtained by SEM (the inset in Figure 5), the negative
feedback appears to show the nucleus zone of the fibroblast cells.
That is quite different from the images based on positive feedback
at a metal tip in our previous work,>6 in which the cell size
obtained by the SECM image was about the same as that of the
SEM image.

DISCUSSION
When the cells are exposed to an aqueous solution containing

micromolar amounts of Ag™, four possibilities of interaction
between the cell and Ag™ can be considered: (i) Ag™ can react
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Figure 5. SECM image of fibroblast cells recorded at 54 min after
exposure to Ag*. The scan rate was 180 um/s, and the tip potential
was held at —0.5 V. The inset is the SEM image of an individual
fibroblast cell in a monolayer. The size of fibroblast cells obtained by
SECM images match well to the size of the nuclei obtained by SEM.
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with halide anions, X, and also other anions (e.g., SO42") inside
the cells to form precipitates on or inside the cell. The halide
precipitates can further complex with halide anions and dissolve
in the region having high local halide anion concentration.’” At
[CI7] = 0.5 M, significant dissolution of AgCl starts to take place:

Agh + X — AgXl ®)
AgXl + nX~ — [AgX,. 1" @

Cl- is an important modulator of cell membrane potential.
Although the average intracellular concentration of Cl- varies from
tens to a few hundred millimolar, local CI- concentration must
be very high especially at the sites of some ion channels (for
example, the Na*—K"—Cl~ pump).38% (ii) Silver ion can also react
with biological ligands, L, (e.g., DNA, protein) in the cell
membrane and inner cytoplasm:

Ag" + 1, — [AgL]" ®)

These ligands usually contain electron donors (e.g., N, O, S) and
complex with Ag*. (iii) A ligand-exchange reaction may occur
between the small soluble [AgX,+1]”~ or insoluble AgX and the
bioligands:4

[AgX, ,I"” + L, —[AgL]" + (n + DX 6)

The ligand-exchange reactions lead to release of halide anions
and the formation of new Ag™ complexes. (iv) Since Ag(l) is highly
reactive, it can be reduced by certain reductive components in
the cell (e.g., hemoglobin®) to Ag(0).

Ag() +e— Ag(0) @)
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The trapped Ag™ can be reduced to form silver particles in a few
hours.b

From the results of lateral scanning experiments shown in
Figure 3c, three stages of interaction between Ag* and fibroblast
cells can be observed. At the first stage, the fibroblast cells are
very active and sensitive to the change of environment. When
Ag™ ions are added into the solution, the membrane potential will
be disturbed abruptly. To balance the membrane potential, the
ion channels are activated and the fibroblast cells take up Ag™.
The above trapping processes will enhance the uptake of silver
ions by fibroblast cells. The current above the cell monolayer
region is 40% lower than that above the dish region without cells,
and the lateral concentration gradient can be calculated as
0.4 M/cm (Figure 3b). At the second stage, the current above
the cell monolayer region becomes higher and maintains a
relatively stable level. We propose that the uptake and efflux of
silver ions will slow down and reach a dynamic equilibrium. The
complexation reactions between silver ions and ligands could be
Kinetically slow, since they might involve conformational changes
of the biomolecules and reconstruction of the cell membrane.
Although the exact mode of interaction between Ag™ and cell is
still not clear, Ag™ may uncouple the respiratory chain from
oxidative phosphorylation,**% bind to membrane-bound enzymes
and proteins containing thiol groups,* and interact with intrac-
ellular components in cytoplasm.® It may also affect the synthesis
of DNA. Although the Ag™ concentration above the cell monolayer
is lower than that above the dish region without cells, it is still
higher than that in the first stage, so the main interaction between
the silver ions and cells in this stage is complexation and
subsequent chemical reactions. The newly established cell mem-
brane potential is maintained by the influx and efflux of silver ions.
At the third stage, the fibroblast cells lose their reactivity and all
the processes (uptake, complexation, and efflux) slow down. The
lateral concentration gradient from the monolayer of fibroblast
cell to the bulk solution tends to be minimized (the top curve in
Figure 3c). The result is consistent with our previous results based
on oxygen consumption.b The respiration of fibroblast cells ceases
after ~2-h exposure to 20 uM Ag,SO,.

When the micropipet-supported SECM tip was positioned
above an individual cell in a cell monolayer, and approached the
cell vertically, the results were similar to those of lateral probe
scanning during stages I and II. After 2-h exposure to 20 uM Agy-
S0y, positive feedback was observed. A test with trypan blue
showed that more than 40% of the fibroblast cells kept their
viability after a 4-h exposure to a solution containing 20 uM Agy-
SO4 and 20 mM NaySO4. Usually a trypan blue experiment
overestimates cell life compared to a SECM study,’ which is in
accordance with the comparative results between the fluorescence
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and SECM image by Kaya et al.#6 One reasonable explanation is
that SECM defines cell reactivity, while trypan blue and fluores-
cence define cell viability. The mark of the complete loss of cell
viability is the collapse of the cell membrane. Thus, the SECM
positive feedback, as observed with probe scanning, is direct
evidence of passive Ag* efflux. When the micropipet tip ap-
proaches the cell and collects Ag™, the local concentration of Ag*
outside the membrane is decreased. The Ag™ inside the fibroblast
cell will be released, driven by the change of the cell membrane
potential. The case is somewhat similar to the results reported

(46) Kaya, T.; Torisawa, Y.; Oyamatsu, D.; Nishizawa, M.; Matsue, T. Biosens.
Bioelectron. 2003, 18, 1379—1383.

(47) Liu, B.; Cheng, W.; Rotenberg, S. A.; Mirkin, M. V.; J. Electroanal. Chem.
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by Liu et al.,” where release of dissolved oxygen inside the cell
across the membrane was reported to cause positive feedback.
The comparative result of the cell size between the SECM images
and SEM images indicates that the active region of Ag* uptake is
dominated in the nucleus zone of fibroblast cells.
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