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Abstract

Scanning electrochemical microscopy (SECM) and copper staining are combined to achieve visualisation of proteins on surfaces. Pro-
teins are adsorbed on a polyvinylidene fluoride (PVDF) membrane or on a polyethylene terephthalate (PET) surface and stained using a
standard protocol involving copper salts. Salts are then reduced to copper and detected by SECM with ferrocene methanol as a redox
mediator in aqueous solution. During the SECM scan, the potential is held at a value at which the oxidation of the redox mediator occurs
and a positive feedback current is detected when scanning over copper clusters. A negative feedback is observed elsewhere. This method
enables unspecific protein adsorption mapping on polymeric membranes and into microchannels without any requirement of enzymatic
activity or affinity to a labelled secondary reporter.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The scanning electrochemical microscope (SECM) is
related to the familiar scanning tunnelling and atomic force
microscopes [1]. It allows observation and manipulation of
spatially resolved electrochemical microenvironments.
Therefore, this type of microscope can be used to perform
surface characterisation and modification with high flexi-
bility. The use of SECM in bioanalytics has been widely
explored for various purposes, such as detection of bio-
chemical events on surfaces, deposition or patterning of
biomolecules, or imaging of living systems. SECM has been
used for detection purposes mainly for the direct electro-
chemical imaging of DNA on inert surfaces without any
derivatisation [2–4], or for the imaging of DNA chips in
the positive feedback mode, where immobilised DNA
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probes are used to capture DNA targets. For example,
Wang et al. used target DNA prederivatised with biotin
for further attachment of gold-derivatised streptavidin
onto which silver is electrochemically grown; the SECM
tip is then used to dissolve silver spots, RuðNH3Þ2þ6 =
RuðNH3Þ3þ6 acting as a redox mediator between the protein
spot and the SECM tip [5]. Alternatively, target DNA can
be directly functionalised with electrochemically active
moieties, such as ferrocenyl groups [6], or DNA hybrida-
tion can be detected thanks to electrochemically active
DNA intercalators [6,7]. On the opposite, protein spot
imaging has been relatively limited to enzymes that involve
electron transfer for substrate catalysis, such as peroxidases
or oxidases [8–16] or sandwich assays that involve enzyme-
labelled antibodies [17].

Complementarily, the SECM can be used to manipulate
or pattern biomolecules on surfaces: for example, Witt-
stock and Wilhelm used the UME of the SECM to locally
dissolve the self-assembled alkanethiolate layer over a gold
surface; if the alkanethiolate decomposition is performed in
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the presence of x-functionalised thiol/disulfides, the dis-
solved monolayer is instantly replaced by a functionalised
anchor layer that allow further immobilisation of biomole-
cules [18]. Alternatively, the SECM tip can be used to
locally electropolymerise immobilisation surfaces, for
example through the polypyrrole chemistry [19,20].

Lastly, SECM has been used recently to image and
analyse living cells, through the measurement of oxygen
gradients in their close vicinity [21–28], neurotransmitter
concentration released by exocytosis [29], NO release by
endothelial cells [30–32], metabolised drugs and toxicants
[33,34]; SECM can also be used to locate particular enzy-
matic activities [35,36], or measure global redox activity
through the assessment of hydrophobic mediators regener-
ation by living cells [37–42].

We have recently introduced a new approach for the
unspecific detection of proteins on two-dimensional or
pseudo-two-dimensional surfaces, such as polymeric mem-
branes; the main feature of the approach is that it does not
rely on any particular enzymatic activity or affinity to a sec-
ondary reporter molecule: it is based on classical staining
protocols used in protein gel electrophoresis. Protein spots
are first exposed to a solution containing silver nanoparti-
cles [43] or Cu2+ ions that complex with proteins on the
surface [44]. Excess nanoparticles or Cu2+ ions are then
washed out. In the case of copper staining, complexed
Cu2+ ions are chemically reduced to metallic copper. The
SECM tip is then used to image protein spots in the posi-
tive feedback mode by electrodissolution of protein-
complexed metals thanks to the use of properly chosen
mediators. We show below that copper staining can be
used in combination with SECM to image millimeter-sized
protein spots on polyvinylidene fluoride (PVDF) mem-
branes and micron-sized protein features in microchannels.

2. Experimental

2.1. Chemicals and materials

All chemicals were used as received. Ferrocene methanol
and KNO3 were purchased from Aldrich and water was
purified using a model Milli-Q plus 185 from Millipore
(conductivity of 18.2 lS cm�1). Bovine serum albumin
(BSA, 66,400 Da, pI � 4.5) was purchased from Sigma
(minimum purity 98%). PVDF membranes (Immun-Blot�,
for protein blotting, 0.2 lm pore size) were purchased from
Bio-Rad and cut into circles to fit the electrochemical cell.
Alumina 0.3 and 0.05 lm from Buehler, was used to polish
all the metal electrodes and Mastertex polishing cloths
from Buehler were employed for the SECM disk tip (work-
ing electrode).

2.2. Microchannel fabrication

The fabrication of microchip has been previously
described [45]. Briefly, the polyethylene terephthalate
(PET) sheet is photoablated by a UV excimer laser (Argon
Fluor Excimer Laser at 193 nm; Lambda Physik LPX
2051, Göttingen, Germany). In the present microdevice,
the feeding microchannel has a trapezoidal cross section,
due to the photoablation process, with an average width
of 100 lm and a depth of 40 lm.

2.3. Sample preparation

PVDF membranes were prepared as described previ-
ously [43,44]: briefly, they were first wetted with methanol
and copiously rinsed with water before sample deposition.
PET disks with microchannel arrays were first spotted by
the drop spot technique: 1 lL of BSA in pure water at con-
centrations of 1.5 lM, 15 and 1.5 nM were spotted over the
channels corresponding to final amounts of 0.1 lg, 1 ng,
and 0.1 ng of protein, respectively, and a spot surface of
ca. 1 mm2. After evaporation of the solvent, a razor blade
was used to remove the protein outside the channels.

2.4. Copper staining procedure

The procedure followed for the staining process was that
introduced by Lee et al. [46]. A 0.3 M copper chloride solu-
tion was prepared using purified water, added to the
protein spots and allowed to react for about 30 min (for-
mation of Cu2+–protein complex). After the sample was
dried and washed with abundant water, a 0.3 M NaBH4

solution was added in order to reduce the copper Cu2+ to
Cu0. After about 5 min the solution was removed and the
sample was carefully rinsed with purified water. After
checking the status of the samples under the light micro-
scope, the PVDF membranes or PET disks were placed
in the SECM cell. A water solution of ferrocenemethanol
(1 mM) and KNO3 (0.1 M) was used to perform the elec-
trochemical experiments. Approach curves were obtained
far from the spots and negative feedback was observed.

2.5. Instrumentation

CHI 900 SECM equipment was used for all the electro-
chemical measurements; a Leitz microscope, model Labor-
lux D and a 2 Megapixel Digital camera were used to
capture pictures of the samples before the experiments.
For the SECM measurements a custom-made electro-
chemical cell was employed (see Scheme 1). The cell was
fabricated with the purpose to allow a firm and easy posi-
tioning of the PVDF membranes. The disk shaped samples
were placed on top of the screw-like bottom of the cell. To
prevent leaks from the bottom of the cell, an o-ring was
placed between the sample and a ring channel indent in
the cell. All measurements were performed using a three
electrodes set-up: working electrode was a 25 lm in diam-
eter platinum disk SECM tip (purchased from CHI, RG
value was 5), reference electrode was an Ag/AgCl or a sil-
ver wire coil (quasi-reference) and the counter electrode
was a platinum wire. The microelectrode electrochemical
behaviour was checked as previously described [47] to



Scheme 1. Schematic representation of the electrochemical principle used
to detect protein through copper dissolution in PET micro-channels. A
view of the custom-made electrochemical cell is given in the up-right
corner of the draw. Dimensions are not to scale.

Fig. 1. (Left) Scanning approach curve acquired at 2 lm/s, 25 lm
platinum disk working electrode, Ag wire as quasi-reference electrode,
Pt wire as counter electrode. Approach curve is presented in L = d/a vs.
normalized current I = i/iT,� where d is the travelling distance from the
substrate (PVDF membrane), a the tip radius, i the recorded current and
iT,� the limiting current. Equilibration time before scan: 50 s at 0.35 V vs.
Ag wire. 1 mM ferrocenemethanol aqueous solution, 0.1 M KNO3 as
supporting electrolyte. T = 25 �C. Dotted line is the simulated curve.
Inset: cyclic voltammetry acquired in the same experimental conditions,
away from the substrate at scan rate m = 0.05 V/s. (Right) SECM scan
performed in the same experimental conditions with the tip at about 10 lm
distance from the substrate. Scan performed over two spots of protein
(10 ng/mm2 and 1 ng/mm2, brown spots A and B, respectively) stained
with copper according to procedure reported in Section 2. Scanning speed
was 300 lm/s. (For interpretation of the references in color in this figure
legend, the reader is referred to the web version of this article.)
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make sure that the electrochemical response was the one
expected. In particular cyclic voltammetry experiments
were carried out along with negative and positive approach
curves that were acquired and fitted to theory.

3. Results and discussion

In our previous studies, home-made silver nanoparti-
cles were used to tag proteins immobilised on PVDF
membranes, and home-synthesised osmium tris-bipyridine
ðOsðbpyÞ2þ3 Þ was used as a redox mediator to detect the
dissolution of silver nanoparticles [43]. In this work, we
explore the potential of more readily available com-
pounds (namely copper salts and ferrocene methanol as
a redox mediator) for the SECM detection of proteins
immobilised on surfaces or polymeric membranes. Bovine
serum albumin was used as a model compound. PVDF
membranes bind peptides and proteins through hydro-
phobic interactions with a high binding capacity (140–
150 lg/cm2 of frontal surface for BSA, supplier data
[48]) while the interaction with PET leads to a lower
binding capacity (around 200 ng/cm2 [49]). The relatively
small spot size on membranes (ca. 1 mm2, corresponding
to 1.5 · 10�12, 15 · 10�14 and 1.5 · 10�14 mol/mm2) was
chosen to be comparable to spot sizes usually encoun-
tered in gel electrophoresis and electroblotting assays
(ca. 1–5 mm2). Scheme 1 shows the principle of the pro-
posed approach to the detection of proteins. The 25 lm
working electrode is held at +0.25 V vs. Ag/AgCl; at this
value the oxidation of the redox mediator is observed.
When the tip is close enough to the sample, the oxidised
form of the mediator reacts with the complexed copper
leading to the production of Cu2+. Ferrocene methanol
was chosen as mediator because the standard redox
potential for the couple ferrocene methanol1+/0 (0.480 V
vs. SCE [50]) is positive enough so that its oxidised form
is able to accept electrons from Cu atoms attached to the
protein on the substrate (Cu2+/Cu standard potential is
0.340 V vs. SCE [51]). Furthermore, this potential is
not too close to the positive limit of the potential win-
dow in water. After proper characterisation of the tip
used for the experiments, the electrochemical set up
was tested by performing cyclic voltammograms (CVs)
in a 1 mM ferrocene methanol aqueous solution (0.1 M
KNO3 as supporting electrolyte).

Approach curves to the PVDF substrate yielded a nega-
tive feedback due to the non-conductive nature of the sur-
face and the absence of non-specific adsorption of copper
on bare PVDF. Fig. 1 shows one of these approach curves
(solid line) compared to the theoretical values (dotted line).
Comparison of the experimental results with the theory
revealed that it was possible to place the tip very close to
the surface (2–3 lm or less). Nevertheless, the fit was not
as good as during the characterisation of the tip. This could
be due to the porosity of the substrate that allows a higher
flux of redox species to the electrode up to a closer tip/sub-
strate distance if compared to a non-porous material. In
this sense, the experimental current is found above the
one predicted by theory and it decreases more sharply than
the latter at very close distances from the substrate. This
means that the current level will be higher in our case at
comparable distances. After approaching the membrane,
the electrode was withdrawn of about 20 lm. Cyclic vol-
tammetry curves were acquired both before and after the
approach scans so as to check that the feedback regime
was preserved. A cyclic voltammogram acquired at
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50 mV/s is shown in Fig. 1; the tip was held away from the
substrate (i.e. outside of the feedback regime area). The use
of the custom made electrochemical cell resulted in a very
good flatness of the samples (PVDF membrane or PET
disk): a deviation in the range of 1–5 lm over 1 mm scans
within several experiments was measured by fitting
approach curves to the theory at different locations.

After checking the overall detection system, protein
spots were imaged: the right-hand side of Fig. 1 (narrow
band image) shows a scan performed over two spots of
protein at two different concentrations (10 and 1 ng/
mm2). The tip (held at a potential of 0.35 V vs. Ag wire)
was about 10 lm away from the substrate and travelled
3.5 · 103 lm in the Y direction and 50 lm in the X direc-
tion. The current for the two areas (in brown in the figure)
is consistently and reproducibly different, and has been
shown previously to allow the detection of protein spots
down to 0.1 ng of protein per spot [44]. Since the absolute
values for the current also depend on the distance between
the substrate and the tip, it is important to underline how
some caution is necessary when trying to quantify an
unknown sample.

The following part of the work was carried out on laser-
ablated microchannels obtained on polyethylene tere-
phthalate sheet disks in order to verify the possibility of
detecting proteins within a well-confined area. Fig. 2 shows
an SECM scan performed over three microchannels filled
with a 0.15 lM BSA solution (corresponding to approxi-
mately 10 ng of protein deposited) after following the
procedure explained in Section 2. The experiments were
reproducible even over large scanned areas (1 mm · 1 mm
and bigger). The level of current obtained over the channels
is clearly dependent also on the distance of the tip but if the
Fig. 2. SECM image of three microchannels filled with 10 ng/mm2 of BSA
stained with copper following the procedure reported in Section 2.
Scanning speed was 300 lm/s, a 25 lm platinum disk working electrode,
Ag wire as quasi-reference electrode, Pt wire counter electrode were used.
Equilibration time before scan: 50 s at 0.35 V vs. Ag wire. 1 mM
ferrocenemethanol aqueous solution, 0.1 M KNO3 as supporting electro-
lyte. T = 25 �C.
sample is approached away from the microchannels,
the real distance calculated from theory and the tip with-
drawal of the same amount; a very good reproducibility
of the measurements is found. The scan also shows that
the method used to prepare the sample is able to confine
the protein and the copper only within the microchannels:
in fact no current due to copper dissolution is found out-
side the microchannels. Also the width of the channels
found in the electrochemical experiment is extremely close
to the real one.

Fig. 3 shows the SECM scan over a microchannel array
in which a protein concentration gradient (10–0.1 ng/mm2)
was realized. To do so a first drop of solution (0.15 lM
BSA in water) was placed on area I (right-hand side of
Fig. 3, zone A) and after the solvent dried out a second
drop at a lower concentration (15 nM) was placed on area
II which partially overlaps with area I. After the second
drop dried out a third drop (1.5 nM) was placed on area
III. The same procedure was followed for zone B. The area
delimited by the black square in the scheme is the one
scanned by SECM and depicted in the left-hand side of
Fig. 3. In this experiment the instrument is able to detect
the variations of concentration along the channels. Table
1 reports the values for the current measured at different
concentrations of protein within the microchannels. The
theoretical limit of detection is also reported and has been
evaluated as the noise + 3 · r in two ways. The first value
corresponds to the limit of detection where ‘‘noise’’ is the
background signal level due to the oxidation of the media-
tor far from the spots, and r its standard deviation. The
second limit of detection is obtained by taking the current
over an empty microchannel as ‘‘noise’’. Remarkably, the
same limit of detection was obtained for the different pro-
tein areas, due to the high reproducibility of the current
Fig. 3. SECM scan over an array of microchannels laser-ablated in a PET
disk in which protein gradients were generated. A 25 lm platinum disk
working electrode, Ag wire as quasi-reference electrode, Pt wire counter
electrode were used. Equilibration time before scan: 50 s at 0.35 V vs. Ag
wire. 1 mM ferrocenemethanol aqueous solution, 0.1 M KNO3 as
supporting electrolyte. T = 25 �C. Preparation of the sample is reported
in the text.



Table 1
Peak current values for four different protein concentrations in the
microchannels

Microchannel
(protein amount)/
ng/mm2

Average peak
current/109 A

Theoretical limit
of detection/1010 A

10 �2.64 �4.51/�9.8
1.0 �2.15 �4.51/�9.8
0.1 �1.44 �4.51/�9.8
0 �0.34 �4.51

The first limit of detection is evaluated from the scan itself, far from the
protein areas. The second limit of detection for the first three concentra-
tions is calculated by considering the current over an empty channel as
noise. Data were acquire at a scanning speed in X direction: 300 lm/s,
25 lm platinum disk working electrode, silver wire as quasi-reference
electrode, platinum wire as a counter electrode. Equilibration time before
scan: 50 s at 0.35 V vs. Ag/AgCl. 1 mM ferrocenemethanol aqueous
solution, 0.1 M KNO3 as supporting electrolyte. T = 25 �C.

Fig. 4. Current profile over two microchannels over zones of different
protein concentrations. Scans were taken in the X direction at 300 lm/s.
The bottom scan is the scan over the two empty zones; higher current is
observed, as expected, while scanning over the deeper area. The second,
third and fourth (uppermost) line scans were taken over microchannels
areas filled with spots of protein 170 nM, 17 nM and 1.7 nM protein
solution, corresponding to 10 ng/mm2, 1 ng/mm2 and 0.1 ng/mm2. All
conditions as in Fig. 1.

M. Carano et al. / Journal of Electroanalytical Chemistry 599 (2007) 349–355 353
value far from the spots. The calculated theoretical limit of
detection of 4.51 · 10�10 A is roughly speaking three times
lower then the average signal obtained over the protein
spots at the lowest concentration probed. This means that
0.1 ng over ca. 1 mm2 is still above the practical limit of
detection of the system. Very interestingly, this limit of
detection is below the range of classical staining techniques
used in membrane blotting analysis (typically in the sub-
nanogram range) [52].

These data demonstrate that the present approach has a
good sensitivity over the concentration range explored and
the noise level will allow pushing down of maybe 10 times
the minimum amount of protein detected in this work. We
have to realize that the background noise depend also on
the distance of the tip from the substrate and being closer
to the non-conductive surface of the PET sheets will also
mean experiencing a lower current (i.e. a lower background
noise). Fig. 4 shows four linear scans along the X axis per-
formed over sections of two microchannels containing var-
iable amounts of protein. The concentration values were
the same as in Table 1 and in Fig. 3 and we can clearly
see that even performing a single line scan for each sample
results in reliable data. This result is extremely important
for the methodological implications of this approach to
the detection of micron-size proteins spots on surfaces.
Time wise each of the line scans requires just 2 s to be per-
formed, and thus results on fast detection possibilities for
surfaces of moderate areas, or when moderate spatial reso-
lution is needed.

Whereas no true quantitation possibility can be claimed
from the above-described results, it must be stated that
absolute quantification is not the primary goal of this
study, where emphasis is put on detectability. The impor-
tant feature of protein spots detection systems in gel, elec-
troblotted membrane or, eventually, microchannel analysis
is not their ability to quantify proteins, but to detect low
abundant proteins. The system presented above already
reaches detection limits at least comparable to state-of-
the-art techniques such as Coomassie or silver staining.
SECM as thus the potential to surpass any classical stain-
ing technique in terms of sensitivity for the detection of
protein spots on membranes or flat surfaces. A possible
development would be to show the ability to completely
dissolve the deposited metal (whether by the SECM tip
itself or more advantageously chemically) to make possible
protein recovery and subsequent analysis, typically by mass
spectrometry. Chemical protocols have already been devel-
oped for complete destaining of protein spots labelled with
silver, copper and zinc, and destaining kits are commer-
cially available from major life science suppliers (e.g. Bio-
rad). The compatibility of such destaining protocols with
further affinity assays [53] and mass spectrometric analysis
of proteins [54] accounts for the ability to completely
remove metals from the protein.

We used herein a fast scanning speed of 300 lm/s to
ensure the compatibility of the system with relatively large
surface (or long line) scanning, such as those encountered
in gel electrophoresis followed by membrane electroblot-
ting. However, scanning a 5 · 5 cm area with a 100 lm step
between each scanning line would then require 23 h. In this
sense the possibility of using single line scans over arrays is
an important feature of this technique. This approach
would be compatible as a whole surface scanning system
only with miniaturized separations or with multi-tips scan-
ning instruments [55]. Alternatively, as already mentioned
it can be envisioned as a technique complementary to clas-
sical stains to mine deeper in zones were protein spots are
suspected but cannot be seen or to obtain fast scans along
lanes of 1D gels. At the same time, this high speed we used,
combined with a relatively large tip diameter of 25 lm,
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resulted in relatively low spatial resolution (pixel size is
around 10 lm in our scans). But SECM can also be pushed
towards high resolution imaging: Bard et al. calculated that
under optimised conditions (substrate–tip distance, tip
diameter, etc.), detection of features 10–20 times smaller
that the tip diameter should be feasible [50]. This would
as well be useful in the detection of low abundant proteins
on pseudo-two-dimensional surfaces.

4. Conclusions

A new approach to the detection of proteins on PET
microchannels (but also on PVDF membranes) was pre-
sented: once adsorbed on the substrate surface, proteins
are first stained with copper chloride, which is chemically
reduced to copper metal. The surface is then scanned by
the SECM tip, with ferrocenemethanol acting as an electro-
chemical mediator to detect copper dissolution in the
positive feedback mode. The initial experimental results
presented herein show that in this scheme, SECM can
detect amounts of proteins as low as 0.1 ng (over an area
of ca. 1 mm2) in microchannels. These results are already
comparable to state-of-the-art staining techniques. To
our knowledge, this strategy is the first one that allows
unspecific detection of proteins by scanning electrochemi-
cal microscopy, i.e. not based on particular enzymatic
activity or affinity to a secondary detection antibody used
in sandwich or Western blot assays.
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