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Abstract
This paper reports on the use of a novel microcapillary system for solid contact electrochemical measurements. The probe ismade
of moveable micropipettes, with orifice of 1–30-μm radii, filled with a conducting hydrogel, which forms a thin-gelled meniscus
at the pipette end. The hydrogel is made of 2 % (w/v) agarose and water solutions, containing KCl or KNO3 as supporting
electrolytes. Themicropipette can be brought in contact with a conducting substrate to form amicrocell, which allows performing
voltammetric measurements confined within limited contact regions. The suitability of the proposed probe for local electrochem-
ical measurements are tested using two electroactive species, dissolved in the hydrogel, namely [Fe (CN6)]

4- and Ag+ ions. Mass
transport characteristics of the two species, in bulk hydrogel and at micropipette meniscuses of different radii, are examined in
detail in the frame of existing theory. For comparison, voltammetric measurements are also performed with micropipettes filled
with the corresponding aqueous solutions. It is shown that the gel-filled micropipette, at variance with the aqueous one, prevents
the spreading and leakage of solution on the sample surface. The microprobe developed here can be useful to perform electro-
chemical measurements on surfaces, which suffer from direct contact with liquid electrolytes. A proof-of-concept hydrogel-
capillary measurement is performed to distinguish the presence of metallic silver deposited on a graphite-on-paper–based
material, realized through simple pencil strokes.
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Introduction

Polymeric gels (PGs) prepared by biopolymers (BPs), such as
starch, pectin, or agar, have been extensively used in different
areas including biology [1] and food industry [2, 3]. PGs have
also been frequently used in electrochemical devices such as
batteries, accumulators [4, 5], solar cells [6], and sensors [7].
In the latter field, biopolymeric gels (BPGs) have been used to
avoid adverse effects arising from organic matter, which can
adsorb onto the electrode surface [8], tominimize contribution
due to natural convection in the mass transport [9], and to
accommodate nanomaterials within its matrix for sensor

applications [7]. Recently, BPGs have found applications to
construct contact electrochemical cells for solid surface anal-
ysis by using electrochemical impedance spectroscopy
[10–14]. These systemswere employed for studying corrosion
processes and characterize in situ large surface areas (i.e., over
cm2 sizes) of patinas and protective coatings of cultural heri-
tage materials. Miniaturized hydrogel–integrated systems for
studying localized electrochemical events by voltammetry or
potentiometry have also been reported. In [15, 16], a layer of
chitosan has been electrodeposited on microdisk electrodes,
and the gel has been loaded with suitable redox species to
perform voltammetric [15] or potentiometric [16] measure-
ments. In [17] a pyramid-shaped tip, composed of agarose,
has been fabricated from a master prepared by conventional
photolithography and subsequent anisotropic etching. The hy-
drogel tip has been then filled with an electrolyte through an
equilibrium process by soaking the gel-pyramid in the elec-
trolyte solution. These probes, combined with a scanning sys-
tem, other than probing the surface reactivity, have allowed to
image the topography of the substrate or to fabricate, by elec-
trodeposition, 3D nanostructures.
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In this work, we propose, for the first time, an alternative
gel-integrated electrochemical microprobe for contact electro-
chemical measurements, exploiting the principle of the
microcapillary-based technique [18–25]. The system pro-
posed here employs a micropipette (Fig. 1a), which is filled
with an ionically conductive hydrogel. The latter is made of a
polysaccharide and an aqueous solution containing an electro-
lyte. A thin layer of hydrogel, protruding from the micropi-
pette end, is formed. A two-electrode microelectrochemical
cell can be formed by a pseudoreference/counter electrode
(usually a Pt or Ag wire), immersed in the hydrogel medium
within the micropipette, and a working electrode made by the
small portion of a conducting substrate that comes into contact
with the gelled meniscus (Fig. 1b). Agarose has been chosen
as polysaccharide because it provides an uncharged matrix
thus miming molecular solvents, in which free diffusion of
the electroactive species can occur, regardless of whether they
are charged or not [26]. In addition, the agarose hydrogel
brings the advantage of being cheap, biodegradable, non-
toxic, and can be easily prepared. The system proposed
here can be useful to make electrochemical measure-
ments on surfaces of materials which suffer from direct
contact with liquid electrolytes. The voltammetric char-
acteristics of the hydrogel containing either the soluble
redox probes [Ru (NH3)6]

3+ and [Fe (CN)6]
4- or Ag+

ions, whose reduction provides metallic silver, are firstly
investigated in the bulk medium by using a platinum
microdisk electrode to obtain mass transport parameters.
The suitability of the gelled microprobe for voltammetric
contact measurements is then explored by using gold and
platinum substrates. For comparison, voltammetric mea-
surements are performed in the corresponding aqueous
solutions, using either the platinum microdisk or the mi-
cropipette. Proof-of-concept measurements are also pre-
sented to characterize micro areas of metallic silver de-
posited on to the surface of a pencil graphite line depos-
ited on a paper material.

Experimental

Chemicals

Potassium ferrocyanide, potassium chloride, potassium
nitrate, silver nitrate (standard solution 0.1 M),
hexaammineruthenium(III) trichloride, agarose powder
(99%), disodium carbonate, and formaldehyde were pur-
chased from Sigma Aldrich and used as received. All aqueous
solutions were prepared with deionized water purified via a
Milli-Q unit (Millipore system). When required, pure nitrogen
(99.99%, from SIAD, Italy) was used to deaerate the aqueous
solutions.

Hydrogel preparation

A weighted amount of agarose powder was added in Milli-Q
water at room temperature to provide a series of 2% w/v sus-
pensions. The appropriate amounts of the redox probes and
KCl or KNO3, as supporting electrolyte, were then added to
obtain the desired hydrogel compositions. The mixtures were
slowly heated up to 80 °C in sealed containers to avoid water
evaporation. During the heating, the suspensions were gently
stirred to avoid the formation of gas bubbles. The mixtures
were kept at 80 °C until they displayed a clear appearance
(Fig. S1), and afterwards, cooled down at room temperature.

Micropipette fabrication

Tapered micropipettes were fabricated by pulling borosilicate
capillaries of dimensions 1.0 (o.d.), 0.58 mm (i.d.) (Sutter)
using a laser puller (P-2000, Sutter Instruments, USA) with
the following parameters: heat = 320, filament = 2, velocity =
15, delay = 128, and pull = 100. Subsequently, the obtained
micropipettes were polished flat to reveal openings, whose
sizes, as estimated by SEM, varied between 2- and 80-μm
diameters. The micropipettes were filled with either the ionic

Fig. 1 Schematic of the
experimental setup using a
hydrogel-filled micropipette. a
Micropipette approaching the
substrate while it is in air; b gelled
meniscus landed on the substrate
that forms the electrochemical
cell
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hydrogel or aqueous solutions by capillarity. Contrary to the
normal practice [27, 28], the outer walls of the microcapillaries
were not silanized.

Preparation of silver deposits on graphite-on-paper–
based material

A pencil-drawn paper support material [29] was prepared by
hand drawing a 20-mm long × 6-mm wide line on a piece of
Whatman no. 1 paper sheet using a Bic #2 graphite pencil.
Fifty microliters of an AgNO3 0.1 M aqueous solution were
cast on the graphite layer, and the solvent was allowed to
evaporate overnight in a controlled environment, avoiding
exposure to light. Afterward, the spot was treated with a 1:1
(v/v) Na2CO3 (5 g in 100 mL H2O) and formaldehyde (37%
CH2O, 5 mL in 100 mL H2O) solution to allow the reduction
of silver ions [30]. The excess of the reagents was eliminated
by rinsing the sample with milli-Q water. Finally, the spot was
dried in the controlled environment.

Instrumentation and electrodes

All voltammetric experiments were performed in a two-
electrode cell maintained in a Faraday cage made of sheets
of aluminium to minimize external noise. In all cases, the cell
was arranged in a two-electrode configuration, as outlined
below. For bulk solution measurements a platinum microdisk
was used as working electrode, while a platinum wire with
380-μm diameter was employed as pseudoreference (PRPt)/
counter electrode. The Pt microelectrode was prepared by
sealing a platinum wire (Goodfellow Metals, Cambridge,
UK) of 25-μm nominal diameter in glassy capillaries, follow-
ing a standard procedure [30]. The geometric radius of the
microdisk was calibrated by recording the steady-state diffu-
sion limiting current (Iss) from a 1mMRu(NH3)6Cl3 solution–
containing 0.1 M KCl, and using the following equation [31]:

I ss ¼ 4 n F D cb a ð1Þ
where n is the number of electrons, F is the Faraday constant,
D is the diffusion coefficient of the electroactive species (in
this case 7.0 × 10-6 cm2s−1 [32]), cb is the bulk concentration,
and a is the radius of the microdisk.

For the measurements with the micropipettes, the confined
electrochemical cell (made by the PRPt, immersed within the
hydrogel or aqueous solutions filling the micropipette, and the
working electrode made by the small surface area of a plati-
num or gold substrate wet by the pipette meniscus) was placed
in a sealed chamber (Fig. S2) to maintain adequate levels of
humidity to prevent solvent evaporation from the micropipette
meniscus. This was also ensured by placing in the chamber a
sponge soaked withMilli-Q water. All voltammetric measure-
ments were performed with a CHI920B SECM workstation

(CH instruments); its integrated micropositioning device was
used to displace the micropipette above the substrate with high
accuracy. Unless otherwise stated, the electrochemical mea-
surements were performed in aerated media at room tempera-
ture (22 ± 1 °C).

Results and Discussion

Potential windows and open circuit potentials in the
bulk of the agarose hydrogels

Preliminary, cyclic voltammograms (CVs) were recorded in
the bulk of the aerated hydrogels to establish the potential
windows available at a Pt microdisk electrode. Figure 2 shows
typical responses obtained in the hydrogels containing 0.1 M
KNO3 (blue line) or 0.1 M KCl (black line). In the cathodic
scan, waves with half-wave potential (E1/2) of − 0.50 V (in
0.1 M KCl) and − 0.60 V (in 0.1 M KNO3) were observed
(inset in Fig. 2). These were assigned to the oxygen reduction
process, as the solutions were not deaerated. The onsets of the
cathodic limits occurred at about − 1.1 V and − 1.2 V in the
medium containing KCl and KNO3, respectively. In the an-
odic scan, a featureless voltammogram up to the onset of the
background discharge, taking place at about 1.4 V, was re-
corded in 0.1 M KNO3. Instead, in 0.1 M KCl, prior the onset
of background discharge that occurred also at about 1.4 V, a
wave with E1/2 equal to 1.2 V, conceivably due to the Cl-

oxidation [33], was observed. These results therefore indicate
that, within the above limits, no process due to the organic
matter present in the medium occurs.

Fig. 2 Cyclic voltammograms recorded at a Pt 12.5-μm radius in agarose
hydrogel containing 0.1 M KNO3 (blue line) and 0.1 M KCl (black line).
Scan rate 100 mV s−1
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The stability of the ionic hydrogel and the effect of agarose
at the electrode/hydrogel interface were also investigated by
performing open circuit potential (OCP) measurements. It was
observed that stable OCPs were achieved after about 90–100 s
and set at − 22 (± 5) mV and − 80 (± 15) mV in the 0.1 M KCl
and 0.1 M KNO3 media, respectively. The higher reproduc-
ibility observed in the KCl medium was probably due to the
adsorption strength of chloride ions, higher than that of other
anions, onto platinum electrode surfaces [34]. This, presum-
ably, provided a more stable Pt/hydrogel interface, which
prevented, to some extent, the possible formation of an aga-
rose layer on the electrode surface, due to adsorption phenom-
ena, as often happens to Pt electrodes, in the presence of or-
ganic matter [35].

Similar measurements performed in the above media con-
taining also 1 mM of the redox probes produced slight chang-
es in the OPC values, i.e., of about 50 mV and 13mV towards
less negative potentials in the presence of Ru(NH3)6

3+ and
Fe(CN)6

4-, respectively.

Voltammetric behavior of soluble redox probes in the
bulk of aqueous and agarose hydrogel media

Preliminarily, mass transport characteristics of the redox
probes [Ru(NH3)6]

3+ and [Fe(CN)6]
4- in the 2% (w/v) aga-

rose were obtained in the bulk media, using the Pt micro-
electrode. For comparison, measurements were also per-
formed in the corresponding gel-free aqueous media.
These measurements were limited to the hydrogel/
electrode systems containing 0.1 M KCl as supporting
electrolyte, which was employed for microcapillary mea-
surements (see next section).

Figure 3 (full lines) contrasts typical CVs obtained at 5 mV
s-1 in 1 mM each of [Ru(NH3)6]

3+ (Fig. 3a) and [Fe(CN)6]
4-

(Fig. 3b) aerated aqueous and agarose-gel media. In both
cases, sigmoidal waves, typical for microelectrodes working
under steady-state conditions, are evident [36]. The lack of a
well-defined current plateau for Ru(NH3)6

3+ was due to the
presence of oxygen, whose reduction process, at potential
negative to − 0.4 V, partially overlapped with that of the redox
probe. This effect was less marked in the agarose hydrogel,
probably because of the lower diffusion coefficient of O2 in
the gel (i.e., 9.18 × 10−6 cm2 s−1) [37] with respect to water
solutions (i.e., 2.12 × 10-5 cm2 s−1) [38]. In fact, in deaerated
aqueous media, using the same Pt microelectrode, the reduc-
tion of Ru(NH3)6

3+ provided a better-defined current plateau
(see CV with a red dashed line in Fig. 3a).

From the steady state limiting currents, and the use of Eq. (1),
diffusion coefficient values for both redox probes were calculat-
ed and are shown in Table 1. In the hydrogel, diffusion coeffi-
cients (Dgel) are lower than those in aqueous solution (Daq), the
Dgel/Daq ratios being 0.76 and 0.68 for [Ru(NH3)6]

3+ and
[Fe(CN)6]

4-, respectively. For [Ru(NH3)6]
3+, Dgel/Daq found

here is consistent with 0.80 reported in [39] (where a 0.5%
(w/v) agarose hydrogel + 0.1MKClmediumwas investigated),
though absolute diffusion coefficient values in both media were
larger than those shown in Table 1 (i.e., Dgel = 7.84 × 10-6 cm2

s−1 and Daq = 9.78 × 10−6 cm2 s−1 ).

Fig. 3 Cyclic voltammograms recorded at a Pt microdisk 12.5-μm radius
in a 1 mM [Ru(NH3)6]

3+ and b 1 mM [Fe(CN)6]
4− solutions. Black and

red full lines refer to the aerated agarose hydrogel and aqueous media,
respectively; the red dashed line in (a) refers to the de-aerated aqueous
solution

Table 1 Diffusion coefficient values of the redox probes in aqueous
solution (Daq) and in 2% (w/v) agarose hydrogel (Dgel), both media
containing 1 mM of the electroactive specie and 0.1 M KCl

Redox probe Daq (× 106 cm2 s−1)* Dgel (× 106 cm2 s−1)* Dgel/Daq

[Fe(CN)6]
4- 6.52 (± 0.11) 4.43(± 0.13) 0.68

[Ru(NH3)6]
3+ 7.45 (± 0.14)** 5.66(± 0.14) 0.76

Ag+ 15.1(± 0.2) 11.3(± 0.2) 0.75

*Average values from three replicates. **Obtained in deaerate aqueous
solution
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Microcapillary voltammetry using the micropipette
filled with hydrogel and aqueous solutions

Microcapillary contact measurements were performed with
the micropipettes filled with either the hydrogel or the corre-
sponding agarose-free aqueous solution, containing 1 mM
[Fe(CN)6]

4− and 0.1 M KCl; an Au-coated glass surface was
employed as the substrate. The micropipette was mounted on
the micropositioning system and moved towards the substrate
(Fig. 4a, initially, at 10 μm s−1 and subsequently more finely
at 0.1 μm s−1. The substrate was held at + 0.4 V, and the
current flow was monitored continuously. Upon contact of
the meniscus at the end of the pipette with the substrate, a
current spike was observed (see as an example Fig. 4a), and
the approach was automatically stopped. The pipette was held
in place and series of CVswere run at different scan rates, over
the range 5–75 mV s−1. Typical CVs obtained with the micro-
pipette filled with the hydrogel and the aqueous solutions are
shown in Fig. 4 b and c, respectively. It is worth to note that
the two series of measurements were performed using the
same micropipette having an opening radius of 30 μm. As
evident from Fig. 4b, c, in bothmedia, peak-shaped responses,
typical for planar diffusion, were obtained. This is contrary to
the features observed above with the microelectrode in the
bulk media and is related to the fact that, for the size of the
meniscuses involved in these measurements, the current is
essentially dominated by the linear diffusion through the cap-
illary. This behavior agrees with previous reports [30, 40]. The
analysis of the forward peak current (Ip) against the square
root of scan rate (v) (insets in Fig. 4b,c) provided linear trends,
congruently with Eq. (2) that holds for planar diffusion [36]:

Ip ¼ 2:69� 105 n3=2 A D1=2 C v1=2 ð2Þ

where A is the surface area of the substrate wet by the menis-
cus; other symbols have their usual meanings. Linear regres-
sion analysis of the experimental data provided the following
relationships: Ip (nA) = 21.2 (± 0.4) v1/2 (v, V s-1) + 0.05 (±
0.02) (R2 = 0.997) and Ip (nA) = 394 (± 15) v1/2 (v, V s−1) +
1.2 (± 0.2) (R2 = 0.993) for the hydrogel- and aqueous-filled
micropipette, respectively. Further analysis of the CV re-
sponses provided E1/2 = 0.014 (± 0.003) V vs. PRPt and a
cathodic to anodic peak separation (ΔEp) of 68 (± 3) mV
regardless of scan rate, for the hydrogel-filled micropipette,
indicating, essentially, the occurrence of a reversible electrode
process. For the pipette filled with the aqueous solution, E1/2 =
0.045 (± 0.003) V vs. PRPt and ΔEp values varying from 65 to
230mV, upon varying the scan rate from 5 to 75mV s−1, were
instead found. The gradual change in shape of voltammo-
grams (i.e., more drawn-out responses) at higher scan rates
could be due to ohmic drop effects [41]. However, consider-
ing the relatively small currents involved in the measurements,

the occurrence of a more complex mass transport condition
cannot be excluded [42]. These effects could be related to the
fact that with the aqueous-filled microcapillary, the electrolyte
spread around the micropipette orifice leading to an increase
of the active surface area on the substrate.

Fig. 4 a Typical approach curve obtained with the hydrogel-filled micro-
pipette towards a conducting substrate. b and c CVs obtained at different
scan rates, as indicated, with the micropipette filled with hydrogel and
aqueous solution, respectively, containing 1 mM [Fe(CN)6]

4− and 0.1 M
KCl. Insets: Ip vs. v

1/2 plots
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The surface area, and consequently, the diameters of the
meniscuses contacting the substrate were estimated using Eq.
(2), the slopes of the Ip vs. v

1/2 plots, and the diffusion coeffi-
cients shown in Table 2 for [Fe(CN)6]

4-. The contact radii thus
found were 33 (± 2) μm and 139 (± 5) μm, for the pipette
filled with the hydrogel and aqueous solution, respectively.
These results clearly indicated that, while the gelled meniscus
remained essentially confined to the micropipette end, the
aqueous meniscus spread onto the substrate. In fact, it is
known that to ensure the confinement of protruding aqueous
meniscuses, the outer walls of the micropipettes need to be
silanized (typically, with dimethydichorosilane [27, 28]. As
stated in experimental, no such kind of treatment was applied
to the micropipettes used here.

The stability of the gelled meniscus with time was then
investigated, and Fig. 5 shows, as an example, two CVs re-
corded at 50mV s−1 soon after the meniscus had landed on the
substrate (black line), and after, it was held in place for about
1 h (red line). As is evident the two CVs almost overlap,
indicating a good stability of the meniscus with time. This
result supports the observation that the hydrogel-filled micro-
pipette prevents the spreading and leakage of electrolyte.

Measurements as those discussed above were also per-
formed by using micropipettes characterized by smaller ori-
fices, i.e., below 30-μm radius, containing [Fe(CN)6]

4− as
redox probe. The results obtained were similar to those de-
scribed above (that is, peak shaped CVs), provided that the
orifices, and the corresponding contact meniscuses, were larg-
er than about 5-μm radius. With smaller micropipettes and
contact radii (i.e., 2 μm), mixed planar-radial or radial diffu-
sion prevailed, and sigmoidal CV responses (depending on the
scan rate), similar to those recorded in the bulk media with the
12.5-μm radius Pt disk, could be recorded. As an example,
Fig. 6 shows two CVs recoded at 5 mV s−1 with the same

micropipette (1.5-μm radius) filled with the hydrogel (red
line) and aqueous (black line) solutions, respectively. This
behavior is congruent with literature reports, where pipettes
having just a few micrometers or submicrometers dimensions
were investigated [40]. It must be considered that also in these
cases the CVs recorded with the aqueous-filled micropipette
provided larger currents than expected (i.e., about twice), con-
ceivably due to spreading and leakage of solution on the sub-
strate surface.

Microelectrode and micro capillary voltammetry of
Ag+ ions in agarose hydrogel and water media

The voltammetry behavior of Ag+ ions in the agarose hydro-
gel and, for comparison, in the corresponding aqueous medi-
um, was investigated both in the bulk media and in the capil-
lary contact mode. The measurements were performed in the
media contained 1 mMAgNO3, and to avoid the formation of
sparingly soluble AgCl, 0.1 M KNO3 was used as the
supporting electrolyte.

The electrode process involved is:

Agþ þ e−⇄Ag0 ð3Þ

Figure 7 contrasts CVs recorded at 5 mV s−1 in bulk hy-
drogel and water solution with the microelectrode. In both
cases, the CVs display the characteristic signatures of metal
electrodeposition at the surface of microelectrodes, involving
nucleation and growth of a newmetallic phase and dissolution
of the metal deposited from the electrode surface [30, 43, 44].
In fact, waves achieving quasi-steady-state current values are
obtained in the cathodic sweep, while characteristic nucleation
loops, followed by stripping peaks, are evident on reversal of
the sweep. However, a nucleation overpotential of about 50
mV, a shift of the stripping peak towards more positive

Fig. 5 CVs recorded at 50 mV s−1 with the hydrogel-filled micropipette
containing 1 mM [Fe(CN)6]

4− and 0.1 M KCl, just after it had landed on
to the substrate (black line), and after 1 h, it was held in place (red line)

Fig. 6 CVs recorded at 5 mV s−1 with the micropipette filled with
hydrogel (red line) and aqueous solution (black line) containing 1 mM
[Fe(CN)6]

4− and 0.1 M KCl
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potentials (i.e., of 35 mV), and lower current intensities of
waves/peaks (depending on the sweep direction) were
found in the hydrogel with respect to the aqueous solution.
These differences can be accounted for considering, from
one side, the effect of agarose on the nucleation/dissolution
process of the Ag+/Ag° system on/from the surface of a
platinum electrode [45]; from the other side to the different
diffusion coefficient of Ag+ (DAg+) that, conceivably, ap-
plies in the two media. From the current plateaus recorded
in the forward scan of the CVs and Eq. (1), DAg+ values
were evaluated and included in Table 1. DAg+ found here in
the aqueous solution compares well with literature reports
[30, 46–48]. No datum was available for Ag+ ions in 2%
(w/v) agarose hydrogel. However, the Dgel/Daq ratio of
0.75 (Table 1) is within those found for the above investi-
gated soluble species, indicating that no specific interac-
tion exists between Ag+ ions and the agarose hydrogel
structure.

A further distinctive difference, between the features of the
CVs obtained in the twomedia, was the charge involved in the
anodic peak (Qan) with respect to that involved in the cathodic
going scan (Qca). In fact, while in the water phase the Qan/Qca

ratio was 0.94 ± 0.04 (from three replicates), in the hydrogel, it
was lower (from about 0.3 to 0.4 times). Since the total
amount of charge under the waves/peaks is related to the
amount of silver plated or dissolved, respectively, the above
results suggest that in the hydrogel, apparently, only a fraction
of the metallic silver deposited is stripped from the electrode
surface. We actually believe that part of metallic silver depos-
ited (probably as nanoparticles [49] detaches from the elec-
trode surface and diffuse in the hydrogel. This can also be
related to the growth mode of silver electrodeposits, which,
in agarose-containing solutions, result in a less stable open
branched pattern that behaves as a surface and mass fractal
[45].

Capillary contact measurements were performed with a
2-μm diameter pipette filled with either the hydrogel or the
corresponding aqueous solution, containing 1 mM AgNO3,
and typical CVs recorded at 50 mV s−1 are shown in Fig. 8a.
Because of the smaller size of the pipette orifice, the forward
cathodic current is almost independent on scan rate over the
range 5 ÷ 100 mV s−1 (Fig. 8b), whereas the anodic stripping
peak, being a surface process, increases with the scan rate
[44]. From the quasi-steady-state current recorded in the hy-
drogel at 5 mV s−1 and Eq. (1), using the DAg+ shown in
Table 1, contact meniscuses of 1.1-μm and 1.5-μm radii were
evaluated with the micropipette filled with the hydrogel and
aqueous solution, respectively. Again, also in this case, the
aqueous meniscus resulted larger than that of the hydrogel,
likely due to the same phenomenon described above for the
soluble redox probe.

Fig. 7 CVs recorded at a Pt microdisk 12.5-μm radius in solution
containing 1 mM AgNO3 + 0.1 M KNO3 in (black line) hydrogel and
(red line) aqueous solution. Scan rate 5 mV s−1

Fig. 8 a CVs recorded at 5 mV s−1 with a hydrogel- (black line) and
aqueous-filled (red line) micropipette (1-μm radius) containing 1 mM
AgNO3 + 0.1 M KNO3. b CVs recorded at different scan rates, as indi-
cated, with the hydrogel-filled micropipette having the same composition
as in (a)
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Evaluation of the charge involved in the cathodic and an-
odic branches revealed a similar behavior as that observed
with the Pt microelectrode in the bulk media. That is, Qan/
Qca was of about 0.5 and 0.9 for the micropipette filled with
the hydrogel and aqueous solution, respectively, again in ac-
cordance with the observations made above in the bulk media.

Hydrogel microcapillary measurements on paper-
based materials

Proof-of-concept hydrogel-capillary measurements were per-
formed to distinguish the presence of metallic silver deposited
on a graphite-on-paper–based material, realized through sim-
ple pencil strokes, as described in the experimental section.
The graphite layer allowed making the electrical contact of the
whole sample with the external circuit. In these measure-
ments, a micropipette (orifice 5-μm radius) filled with the
agarose hydrogel, containing only 0.1 M KNO3, was
employed. Initially, the micropipette was brought above the
graphite layer to establish the electrical contact with the sub-
strate biased at + 0.4 V vs. PRPt. Afterward, repetitive
retraction–approaching processes were performed to detach
the probe from a given measuring point, move it laterally to
the next point and approach the substrate again. In this way, a
line scan at the boundary between the Ag-free and Ag-coated
graphite layer was performed. Each time the micropipette had
landed on the substrate, continuously biased at + 0.4 V, the
current was monitored for 5 s, and the value corresponding at
5 s (I5s) was plotted as a function of the lateral distance (d), as
shown in Fig. 9. In this way, negligible currents, essentially
due to the background, were obtained when the micropipette

landed on the Ag-free graphite zone, whereas much larger
currents were recorded above the Ag-coated graphite layer.
In fact, at + 0. 4 V, the oxidation process of metallic silver
could occur (see Figs. 7 and 8), and the current was enhanced
to an extent that depended, conceivably, on the amount of
metallic silver coating the sample. To confirm this view, con-
trol experiments were performed by moving back the micro-
pipette above the Ag-free graphite zone, where again negligi-
ble currents were recorded (see red symbols in Fig. 9).
Therefore, the results shown in Fig. 9 reflect the distribution
of metallic silver is on the pencil-graphite layer as well as its
relative amount.

Conclusions

In this work, for the first time, we have reported on the use of
micropipettes filled with a conducting hydrogel, made of 2%
(w/v) agarose in water solutions, to perform local solid contact
electrochemical measurements on solid substrates. In particu-
lar, we have shown that micropipettes having orifices of radii
over the range 1–30 μm, filled with the hydrogel containing
the electroactive species [Fe(CN)6]

4- or Ag+ ions, provide
electrochemical responses, which are in accordance with the-
ory developed for microcapillary voltammetry. The
microsystems employed here can be used to probe small areas
of solid surfaces containing different active materials and to
produce micrometers and submicrometers metallic structures
by electrodeposition. These can be associated to a specific
advantage offered by the gelled meniscus produced at the
end of the micropipettes. In fact, they could overcome the
limitations of the corresponding aqueous systems, with which
the spreading of the electrolyte droplet on the sample surface
is difficult to be controlled. Finally, the use of gelled media
within the pipette opens new roads for the characterization,
from an electrochemical point of view, of microareas on sur-
faces, which suffer from direct contact with liquid electrolytes.
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