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We explore here for the first time the direct potentiometric
detectability of calcium, lead, and silver ions in amounts as low as
300 attomoles at 100 picomolar concentrations without any pre-
concentration, analyte recycling, or electrocatalytic signal enhance-
ment. For nearly all analytical techniques, the effective detection
limits are known to deteriorate when samples drastically decrease
in volume. Potentiometry with ion-selective electrodes is, at least
in principle, not limited by such scaling laws as the observed
potential is a direct function of the sample ion activity, independent
of the sample volume. Indeed, intracellular analysis with ion-
selective microelectrodes has been performed successfully for many
years! Fundamental limits of measurable total quantities must exist
for potentiometric sensors, but are still poorly explored. They may
involve instrumental perturbations during the potential measurement
and, ultimately, limits imposed by decreasing the sample dimensions
to under the Debye length, where violations of the electroneutrality
condition are allowed for the sample. T T I A a—

In recent years, potentiometric sensors based on polymeric log app2+
membranes containing selective chemical receptors (ionophores)
have been shown to reach detection limits in the subnanomolar
concentration range, without the presence of metal-ion buifers.
This has been achieved by drastically reducing zero-current ion
fluxes from the membrane in the direction of the sample. Such
fluxes have historically deteriorated the detection limits and
observed selectivities of such sensors by many orders of magfitude.
Recent approaches include the development of trace level poten- T A
tiometric sensing membranes, backside contacted with conducting log apg+
polymers as ion-to-electron transducefsnonolithic columns as  Fjgure 1. Calibration curves for potentiometric sensors selective for
membrane supporfsand more traditional polymeric membranes calcium, lead, and silver ions on the basis of the indicated ionophores,
with optimized aqueous inner solutiohs. measured by sequential_ diIt_Jtion inu®- samples, without any metal ion

Three different types of ion-selective electrodes, selective for buffer (see S for potential time traces).
calcium, lead, and silver ions, respectively, were here prepared and
explored. They were based on the ionophdreBl (see Figure 1)
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ts)electn;]e for C%_[F’ de2 ,I' _and Ad, Irespzctlvel_yr,] \(’th'Ch _havl_e . Figure 1 presents calibration curves of the three systems under
een characterized earlier in macroelectrodes with detection limits study in samples of volumes on the order afl3or less. This was

in the subnanomolar range. The membranes were prepared in,cpieyed by mechanically inserting the pipet tip electrodes into a
conventional polypropylene micropipet tips, see Figure 2, and j_mm jd. silicone tubing and measuring a single plug of sample

backside contacted with the appropriate inner solution (see SUp'separated on either side from aqueous solutions by a plug of air
porting Information (SI)). Calibration curves in large, 100-mL  (Figure 2). This arrangement, similar to that used in sequential
samples, obtained by sequential dilution of the sample witt? 10 gpalysis, eliminates evaporation loss and helps confine the sample
or 107° M sodium nitrate background electrolyte, revealed detection tg the desired volume. The calibration curves showed detection
limits of 1.5 x 1079 (C&¥*), 2.7 x 10°° (Pl?*, pH 4.0), and 3.4 limits of 1.0 x 1078 (C&"), 1.5 x 10°° (P?+), and 1.0x 108 M

109 M (Ag™; see SI). The detection limit of potentiometric sensors (Ag+; traditional definition), similar as or somewhat less good than
is obtained as the activity where the extrapolated Nernstian responsehe ones observed in large sample volumes. This confirms the
function intersects the potential for the electrolyte background. This expectations formulated above that potentiometric sensors are not
is in accordance to accepted IUPAC recommendatfarsl stands  subject to scaling laws under the experimental conditions studied
in contrast to the detection limit definition of most other analytical here. To achieve this result, care was taken to avoid contamination
techniques, which is defined as the analyte concentration that givesfrom the reference electrode. A sodium-selective electrode, con-
a signal three times the background ngis&wWe will use this other structed in similar fashion as the indicator electrodes, served as
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definition further below to estimate the detectability of ions in
confined samples.
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Figure 2. Detail of the 3uL measuring cell. The indicator electrode (left)

and sodium-selective pseudoreference electrode (right) are inserted into a

300 attomoles of sample. To eliminate any contamination, the cell
was washed three times with the sample (caL5each) at low
flow rate between measurements (cf. Figure 5 in Sl for a complete
time trace). For the measurement of calcium, the standard deviation
of the background noise was found ag¥8 (Figure 3), whereas
addition of analyte increased the potential by 1.680.008 mV.
Analogous experiments were performed for the detection of lead
and silver ions, see Figure 3. For lead, the potential increased by
0.4254 0.035 mV for the addition of 10° M lead nitrate to the
background solution at pH 4.

For silver, the potential increased by 523.29 mV, compared
to a 10uM sodium nitrate background (Figure 3). The ISE response
function was extrapolated to three times the standard deviation of
the background noise (here, ¥ from the last minute of meas-
urement) with the established approximater= K + slog(a +

1-mm i.d. silicone tube and placed in contact with the aqueous sample plug. BG), WhereK is a constants is the theoretically predicted electrode
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Figure 3. Detectability of 100 pM (300 amol) of the indicated ions in

slope, and BG is the nominal primary ion background. This gave

an extrapolated detection limit of 0.98 zeptomoles (3.20°16

M). This impressively low value may not necessarily be accessible
in a practical measurement owing to potential drifts that are not
considered in this simple extrapolation. Nonetheless, it was obtained
in analogy to protocols established for flow systems with other

detection techniques.

The results presented above were achieved by direct potentiom-
etry, without any analyte accumulation or catalytic enhancement
processes, which are often used in electroanalysis to improve
detection limits. Direct potentiometry also offers the possibility to
recover the sample, because it is essentially a perturbation-free
method. The results presented here place zero-current potentiometry
among the most sensitive electrochemical methods available.
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