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Diagnostic technologies that can provide the simultaneous detection of nucleic acids for gene expression, proteins for host
response and small molecules for profiling the human metabolome will have a significant advantage in providing
comprehensive patient monitoring. Molecular sensors that report changes in the electrostatics of a sensor’s surface on
analyte binding have shown unprecedented sensitivity in the detection of charged biomolecules, but do not lend themselves
to the detection of small molecules, which do not carry significant charge. Here, we introduce the neutralizer displacement
assay that allows charge-based sensing to be applied to any class of molecule irrespective of the analyte charge. The
neutralizer displacement assay starts with an aptamer probe bound to a neutralizer. When analyte binding occurs the
neutralizer is displaced, which results in a dramatic change in the surface charge for all types of analytes. We have tested
the sensitivity, speed and specificity of this system in the detection of a panel of molecules: (deoxy)ribonucleic acid,
ribonucleic acid, cocaine, adenosine triphosphate and thrombin.

T
he development of universal sensors that can detect a broad
range of different molecular targets is highly desirable, as
such versatile platforms offer a single solution for tests that

have traditionally required the use of a number of different types
of instrumentation. To date, very few universal detection systems
have been developed1,2, and none has shown sufficient sensitivity
for direct sample analysis or clinical use. The development of detec-
tion methods that are rapid and more sensitive than those currently
available will fulfil unmet needs in screening for drugs of abuse,
medical diagnosis, point-of-care testing and environmental
monitoring.

Sensing approaches that report on changes in the electrostatics of
a sensor-immobilized monolayer have been developed with a variety
of readout strategies, including field-effect transistors (FETs),
microcantilevers and electrochemical sensors3–11; however, an effec-
tive method that can sensitively detect nucleic acid, protein and
small molecule analytes has remained elusive. Electrochemical sig-
nalling methods have attracted particular attention for fast, sensitive,
portable and cost-effective detection12–31. Switch-based electroche-
mical biosensors show exceptional promise for versatile detection22,
but with limited sensitivity towards nucleic acid analytes that there-
fore requires enzymatic amplification of the target sequences23.

Here we use a new approach to electrochemical detection, the
neutralizer displacement assay (NDA), which achieves record-
breaking sensitivity with all of the major classes of biologically
relevant molecules. The principle that underlies the NDA is illus-
trated in Fig. 1. In traditional assays (Fig. 1a), a probe molecule is
tethered to the surface of an electrode. Thus, prior to analyte intro-
duction, the charge of the sensor is determined by this probe mol-
ecule. After binding by the analyte, the state of charge is changed
by the charge of the analyte, which leads to three limitations in tra-
ditional charge-based sensing methods. First, the background
signal may be large, although using neutral probes such as peptide
nucleic acid (PNA) can overcome this first limitation. Second, the
ratio of signal:background may be small if the charge of the probe
dominates the charge of the analyte. Third, the sign of the signal is

determined by the analyte, which often leads to a ‘signal-off’ assay
structure that can produce a high false-positive rate. In sum, tra-
ditional methods of sensing are, because of their signal amplitude,
their signal-to-background ratio and their sign of signal change, at
the mercy of the analyte. However, the choice of analyte is not a
degree of freedom available to the assay designer to explore, but
rather is a requirement of the test.

The NDA (Fig. 1b) introduces a new freedom in the design of the
electrostatic character of the sensor surface. A probe molecule is
tethered to the surface of an electrode and is joined by a neutralizer,
which is a conjugate of PNA and cationic amino acids that specifi-
cally binds to the probe and neutralizes the charge of the probe. The
probe–neutralizer complex is designed to include mismatches such
that the analyte of interest binds the probe more strongly, rapidly
and robustly, which leads to displacement of the neutralizer. With
the NDA, all three limitations of traditional charge-sensing assays
are overcome. The background signal is now suppressed strongly
through engineered charge compensation. The signal changes that
correspond to the presence of an analyte are determined not only
by the molecular charge of the molecule, but also by the charge of
the probe molecule that is unmasked on binding. Finally, the sign
and amplitude of the signal is determined not only by the charge
of the analyte, but also by that of the probe.

To test the NDA concept, we used an electrocatalytic reporter
system that provides a signal proportional to the charge change at
electrode surfaces24. This system was previously used with nano-
structured microelectrodes (NMEs)25–31 that can be fabricated on
the surface of a chip, and both proteins and nucleic acids could
be detected with high levels of sensitivity. Prior to the development
of the NDA concept, the NME electrochemical platform, like its
counterparts in FET and nanowire-based direct electronic sensing,
failed to offer the capacity to detect small molecules.

Results and discussion
Sensor fabrication. Using photolithographic patterning, we
produced an array of sensors on the surface of a microelectronic
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chip (Fig. 1d). The chips used in this study possessed 20 sensors.
With the use of a SiO2-coated silicon wafer as a base, contact pads
and leads were patterned onto individual chips. A layer of Si3N4 was
then used to passivate the surface of the chip. To provide a template
for the growth of electrodeposited sensors, photolithography was
used next to open 5 mm apertures in the Si3N4. Subsequently, Au
electrodeposition was employed to grow fractal microstructures, the
size and morphology of which can be modulated by deposition
time, potential, Au concentration, supporting electrolyte and
overcoating protocol25,30. As nanostructures increase the sensitivity
of the assay significantly, we coated the Au structures with a thin
layer of Pd to form finely nanostructured sensors (Fig. 1e)30. The
sensors generated were characterized using electrochemical
methods, as shown in Supplementary Fig. S11 and as previously
described25,27,30.

Detection of adenosine triphosphate (ATP). To examine the
ability of our neutralizer assay to detect small molecules, we chose
ATP as a model molecule. ATP is a well-known cellular energy
source and is involved in driving a number of biological processes.
The configuration of the neutralizer assay for ATP detection is
shown in Fig. 2a. Thiolated ATP-binding aptamers were first
immobilized onto sensors with Pd on their surface, after which a
partially complementary neutralizer was introduced. The PNA
portion of the neutralizer is primarily complementary to the
aptamer; however, we introduced two mismatches for facile
liberation of the neutralizer on ATP addition (Table 1, underlined
portions). The presence of the neutralizer, because of the appended
lysine residues, strongly reduces the charge at the sensor surface,

which can be restored by the displacement of the neutralizer by a
target molecule. In studies of the optimal neutralizer structure
(Supplementary Fig. S6), it was determined that the structure used
here, with five lysines at each end, was optimal for the maximal
background suppression and displacement in the presence of analyte.

To measure the change of charge at the sensor surface, we used a
previously developed [Ru(NH3)6]3þ/[Fe(CN)6]32 catalytic reporter
system to generate a signal that can be monitored by differential
pulse voltammetry (DPV) (Fig. 1)24. In this system, the primary
electron acceptor [Ru(NH3)6]3þ is attracted electrostatically to the
electrode surface in proportion to the amount of phosphate-
bearing nucleic acid. When [Fe(CN)6]32 is used during the
electrochemical readout, Ru(III) is regenerated chemically by
[Fe(CN)6]32 to form a redox cycle, which amplifies the signal
significantly24. This method is free of covalent labels and does not
require preprocessing of the samples. High catalytic currents are
expected when only DNA aptamer probes are immobilized on the
sensors because of the electrostatic affinity of Ru(III) for the phos-
phate groups of the DNA backbone, but these currents would be
attenuated strongly in the presence of the neutralizer.

Figure 2b shows DPV signals obtained at the sensors before
addition of the neutralizer, after addition of the neutralizer and
after target introduction. Scans of immobilized aptamers revealed
a high catalytic current, consistent with the strong electrostatic
attraction of Ru(III) to the DNA backbone. The current (I) is
reduced by .80% when the neutralizer molecule is hybridized to
the aptamer. When ATP (1 mM) binds to the aptamer probe, a
structural change of the aptamer causes a release of the neutralizer,
which leads to an increase in catalytic current (Fig. 2b). The change
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Figure 1 | Summary of the NDA and sensor chips utilized for testing. a, In traditional electrostatic detection without NDA only large changes in the

electrostatic profile are detectable, for example DNA/DNA binding or the binding of a highly charged protein. b, In NDA detection, small molecules, nucleic

acids and proteins are all detectable as each one causes displacement of a neutralizer and a large change in charge. c, The neutralizer–probe complex

attenuates reporter-ion binding. The release of the neutralizer on the addition of the target changes the electrostatics to negative, which yields an increased

electrocatalytic current. d,e, Schematic (d) of a sensor chip that possesses 20 nanostructured electrodes with structures as shown in (e).
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of current (DI%) from before ATP binding to after ATP binding
directly reflects how much ATP is present in the solution (Fig. 2c).

The Ru3þ reduction peak shifts to more negative potentials for
the neutralized versus non-neutralized probe, probably because
the kinetics of electron transfer are slowed when the neutralizer is
present, given that the Ru3þ is no longer surface bound32. We
observed that the reduction peak does not shift back all the way
on analyte binding. As there is a shift even when the sensor is not
neutralized completely (Supplementary Fig. S5), we can explain
the incomplete shift back through a picture in which the neutralizer
is not displaced quantitatively for the concentrations of analyte
described herein. Detailed studies are underway to characterize
the redox properties of the reporter groups used here as a function
of surface neutralization and the structure of the neutralizer used
and will be reported on elsewhere.

To evaluate the time dependence of the sensor response, we
introduced ATP into the [Ru(NH3)6]3þ/[Fe(CN)6]32 catalytic
solution and measured signal changes in real time. The data
shown in Fig. 2d indicate that signal changes in the presence of
ATP occur within one minute, and the signal change in the
absence of ATP is not significant even after 20 minutes. These

results clearly indicate that sensor response is rapid and that the
probe–neutralizer complex is stable.

Detection of cocaine. After observing that our chip-based neutralizer
assay was effective for ATP detection, we attempted to use it in the
detection of cocaine. Rapid screening methods for this drug of abuse
are an urgent and unmet need. The assay was carried out using the
same strategy as described above for ATP, with a cocaine-specific
aptamer as the receptor (Fig. 2e). As observed for ATP, the
initial high current of the cocaine-binding aptamer decreased after
neutralizer hybridization. When the aptamer–neutralizer complex
was challenged with cocaine, the resulting structural change of the
aptamer released the neutralizer and resulted in a high catalytic
current (Fig. 2f). The signal change for 1 mg ml21 cocaine was
.60% higher than that in the absence of cocaine or in the presence
of a non-target analyte. This level of sensitivity is comparable with
commercial tests and is ample for drug screening. Figure 2g shows
the concentration dependence of the signal change observed
with the addition of cocaine. The dynamic range of the assay is
somewhat narrow, but could be improved if sensor morphology was
tuned as previously described25.
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Figure 2 | NDA small molecule detection: ATP and cocaine. a, Schematic representation of ATP detection by NDA. b, DPVs for ATP-binding aptamer-

modified NME (i), after neutralizer binding to the aptamer (ii) and after treatment with 1 mM ATP (iii). c, Concentration-dependent signal changes for ATP
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Detection of DNA. With a high level of performance established
for small molecule analytes, we investigated whether this assay could
also exhibit clinically relevant (fM or better) sensitivity against
nucleic acid analytes, as other attempts to develop universal
detection systems have not been successful in achieving good
sensitivity with this analyte class.

Figure 3a is a schematic representation of the neutralizer assay
applied towards nucleic acid targets. A thiolated-DNA probe was
immobilized on the NMEs and, as expected, initially the catalytic
current for the DNA probe was high (Fig. 3b) and significantly
suppressed on addition of the neutralizer. Smaller NMEs were
used in these trials to allow a comparison of the limits of detection
of NDA with prior studies25. After treatment with a 1 pM comp-
lementary oligonucleotide target, the current increased by .300%.
The specific binding of the neutralizer to the probe was also
confirmed using gel electrophoresis (see Supplementary Fig. S1).

Next, we investigated the concentration dependence of the nucleic
acid NDA with a 20-mer synthetic target DNA. A non-complemen-
tary target was used to evaluate both background levels and specificity.
To identify the detection limit of our assay, we titrated the concen-
tration of target DNA down to 10 aM (Fig. 3c). The DI% increased
with increasing concentration of the target within a range that
spanned five orders of magnitude. The horizontal dashed line
indicates the average currents observed with a 100 nM non-
complementary target. The signal change for 10 aM of DNA target,
although above that of the 100 nM non-complementary target, was
not high enough to be statistically significant, which indicates that
the detection limit of our assay for the 20-mer target is �100 aM.

The suitability of the assay to analyse samples that are more
heterogeneous was assessed by analysing DNA detection in undiluted
human serum (Supplementary Fig. S7). Comparison of the electroche-
mical signals collected in the presence of complementary and non-
complementary sequences confirmed that successful detection could
be achieved in the presence of this matrix. Importantly, the neutralized
sensors were stable in serum, and changes in the electrochemical
current were not observed with serum alone.

The specificity of the assay was further investigated by measuring
changes in the electrochemical current that occurred in the presence
of targets containing one and two mismatched bases. Relative to the
fully complementary target, much smaller changes in current were
observed and were correlated with the number of mismatches
(Supplementary Fig. S10). Further gains in specificity, if needed,

could be achieved by tuning the sequence and charge of
the neutralizer.

Detection of RNA. We also challenged the NDA with samples
that are more heterogeneous and evaluated the assay with
Escherichia coli total RNA. The DNA probe was designed for the
RNA polymerase b-mRNA (rpoB), a transcript that is highly
expressed in bacteria and is not conserved between species, which
makes it an ideal target for bacterial detection and identification33.
Figure 3d shows the concentration dependence of E. coli total
RNA. 10 pg ml21 E. coli total RNA was detected successfully,
which indicates that NDA can achieve high levels of sensitivity
with an excess of non-complementary material.

Detection of bacteria in unpurified lysates. The neutralizer assay
was also tested with unpurified bacterial lysates. Bacterial lysates
were generated by inserting solutions into a lysis chamber34 into
which strong electrical fields were introduced. This lysate was then
used without further purification. Figure 3e shows the dependence
of the NDA signal for differing concentrations of E. coli lysates.
DI% increased with increasing concentration of E. coli bacteria.
The horizontal dashed line represents the average DI% for 150
colony forming units (c.f.u.) per microlitre of non-complementary
target Staphylococcus saprophyticus. The detection limit for E. coli
bacteria is 0.15 c.f.u. ml21, a detection limit not achieved
previously with a direct analysis that is clinically relevant for the
detection of bacteria found in clinical samples. The presence of
bacteria was detected successfully with high sensitivity and
specificity, from sample to answer within 30 minutes.

In the trials described above, the target is complementary for the
probe. We envisioned a different strategy whereby the neutralizer
was specific for a target and applied this to detect a 20-mer synthetic
complementary target. Here, signal post-neutralizer hybridization
was increased by the removal of the two-base mismatched neutral-
izer from the probe and hybridization with the perfectly matched
target in solution. This also led to electrocatalytic current restor-
ation. We found that this scheme was also able to detect DNA
with high specificity (see Supplementary Fig. S4).

Detection of proteins. To complete the demonstration that the
NDA is universally applicable to all of the major analyte classes,
we investigated whether it could detect protein biomarkers, with
thrombin as a model system. The thrombin aptamer is a well-
characterized sequence that is known to fold into a G-quartet
structure and bind thrombin at exosite I. Figure 4a represents the
protein-detection method using the neutralizer approach. A
thiolated thrombin-binding aptamer was deposited onto 100 mm
sensors. When neutralizers were complexed with the aptamer
probes, the catalytic current was low. The current was restored in
the presence of thrombin, as binding of the thrombin to the
aptamer triggered neutralizer dissociation.

The electrocatalytic current was clearly suppressed on neutralizer
binding to the thrombin aptamer, as exhibited in Fig. 4b. When
treated with 100 pM of thrombin, a large increase in catalytic
current was observed (Fig. 4b). Conversely, when treated with
100 nM of bovine serum albumin (BSA), a nonspecific protein,
the signal change was negligible, which indicates that the assay
was very specific for thrombin (Fig. 4c). Evaluation of DI% with
different thrombin concentrations showed that as low as 10 fM
thrombin was clearly detectable (Fig. 4d).

Multiplexing capabilities. The flexibility of the neutralizer assay,
coupled with the use of a chip with multiple sensors, allows
for the analysis of multiple analytes. For example, cocaine and
ATP could be monitored simultaneously using sensors modified
with each aptamer. As shown in Supplementary Fig. S8, even

Table 1 | Sequences used in this work.

Name Type Sequence*,†

ATP-binding aptamer DNA ACC TGG GGG AGT ATT GCG
GAG GAA GGT TTT-C3-SH

ATP aptamer neutralizer PNA KKKKK-TCC ACA ATA CCC
CCC-KKKKK

Cocaine-binding aptamer DNA HS-C6-GAC AAG GAA AAT CCT
TCA ATG AAG TGG GTC

Cocaine aptamer neutralizer PNA KKKKK-CAT AGA AGA ATT
TTC-KKKKK

Thrombin-binding aptamer DNA HS-C6-GGT TGG TGT GGT TGG
Thrombin aptamer neutralizer PNA KKKKK-CGA CAG CAA-KKKKK
Probe for E. coli lysate/total
RNA/20-mer target

DNA HS-C6-ATC TGC TCT GTG GTG
TAG TT

Neutralizer for DNA probe PNA KKKKK–CTA CAC CCC AAA
GCA G–KKKKK

20-mer target DNA AAC TAC ACC ACA GAG
CAG AT

20-mer non-complementary
target

DNA ATT GCA TCA ATG TCT TAC TT

*5’ to 3’ for DNA sequences, N to C terminus for PNA sequences. †Underlined portions denote
single-base mismatches in neutralizers.
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when mixtures of the two molecules were analysed at
concentrations that correspond to the limits of detection for the
assay, successful detection was achieved with an acceptable level
of specificity.

The extent of multiplexing that could be achieved with this
approach is governed only by the chip design. To functionalize indi-
vidual sensors with specific aptamers or probes, sufficient spacing
between sensors, or barriers between sensors, must be introduced.
With the lithographic techniques used to fabricate the chip design
employed in this study, multiplexing of 100 different analytes
could probably be achieved as long as sufficient sensor separation
could be achieved.

Only a few examples in the literature exhibit the detection of
molecularly diverse analytes. Xia et al. developed, using Au nano-
particles and conjugated polyelectrolytes, a colorimetric sensor to
detect DNA, small molecules, proteins and ions1. However, the
sensitivity towards nucleic acid analytes was not sufficient for use
without enzymatic amplification. The universal detection system
presented here is the first to achieve sensitivity with all of the
major classes of analytes. Moreover, the concept that underlies the
NDA is applicable to all sensing platforms where charge changes
are relevant, including FETs and cantilevers. The development of
this approach should spur further advances in the detection of
small-molecule analytes using simple instrumentation.

Materials and methods
Materials. Adenosine 5′-triphosphate disodium salt, human thrombin, BSA,
HAuCl4 solution, potassium ferrocyanide trihydrate (K2[Fe(CN)6

.3H2O),
hexammine ruthenium(III) chloride (Ru(NH3)6Cl3), MgCl2, 10× tris-borate-EDTA
buffer, Ultrapure Agarose, dimethyl formamide, piperidine, trifluoroacetic acid,
m-cresol, triisopropylsilane, diethyl ether and dithiothreitol (DTT) were obtained
from Sigma-Aldrich. ACS-grade acetone, isopropyl alcohol and perchloric acid were
obtained from EMD; 6N hydrochloric acid was purchased from VWR. Phosphate-
buffered saline (PBS, pH 7.4, 1×) and SYBR Au gel staining dye were obtained from
Invitrogen. 6× DNA loading dye and a 100 base pair DNA ladder were obtained
from Fermentas. Cocaine was obtained from Cerillian (Round Rock, Texas) and
E. coli total RNA from Ambion, Inc. The ATP-binding aptamer, cocaine-binding
aptamer and thrombin-binding aptamer were obtained from Integrated DNA
Technologies (Coralville, Indiana). PNA monomers were obtained from Link
Technologies (Lanarkshire, Scotland), Fmoc-Lys(Boc)-OH from Advanced
ChemTech (Louisville, Kentucky), Knorr resin from NovaBioChem and HATU
(O-(7-azabenzotriazol-1-yl)-N,N,N′ ,N′-tetramethyluronium hexafluorophosphate)
from Protein Technologies Inc. (Tucson, Arizona).

The E. coli DNA probe used to detect the synthetic 20-mer target DNA, E. coli
total RNA and E. coli lysate was obtained from the Centre for Applied Genomics in
the Hospital for Sick Children (Toronto, Canada). A thiol-containing linker was
added on the 5′-terminus in-house as in our previously published work35.
20-mer complementary and non-complementary target DNA sequences were
obtained from the ACGT Corporation (Toronto, Canada).

Neutralizers were synthesized using a solid-phase synthesis approach on a
Prelude automated peptide synthesizer (Protein Technologies, Inc.). All synthesis
products were confirmed by mass spectroscopy.

All probe molecules and neutralizers were purified stringently using an
Agilent 1100 Series HPLC. Concentration was quantified by measuring absorbance
at 260 nm.

Chip fabrication. Chips were fabricated at Advanced Micro Systems (Ottawa,
Canada). Silicon wafers (six inches (15.24 cm)) were passivated using a thick layer of
thermally grown silicon dioxide. A 25 nm Ti layer was deposited on the silicon
dioxide. A 350 nm Au layer was deposited on the chip using electron beam assisted
Au evaporation. The Au film was patterned using a standard photolithography and
lift-off process. A 5 nm Ti layer was deposited on the Au film. A 500 nm layer
of insulating Si3N4 was deposited using chemical vapour deposition; 5 mm
apertures were imprinted on the electrodes using standard photolithography and
0.4 mm × 2 mm bond pads were exposed using standard photolithography.

Fabrication of NMEs. Chips were cleaned by sonication in acetone for five minutes,
rinsed with isopropyl alcohol and deionized water for 30 seconds and dried with a
flow of nitrogen. Electrodeposition was performed at room temperature; 5 mm
apertures on the fabricated electrodes were used as the working electrode and were
contacted using the exposed bond pads. Au sensors were made using a deposition
solution containing a 50 mM solution of HAuCl4 and 0.5 M HCl. The 100 mm and
20 mm Au structures were formed using direct current potential amperometry at
0 mV for 100 seconds and 0 mV for 20 seconds, respectively. After washing with
deionized water and drying, the Au sensors were coated with Pd to form

nanostructures by replating in a solution of 5 mM H2PdCl4 and 0.5 M HClO4 at
–250 mV for ten seconds (for the 100 mm structure) and for five seconds (for the
20 mm structure).

NDA protocol. All thiolated aptamers and thiolated DNA probes were
deprotected using DTT followed by purification with high-performance liquid
chromatography (HPLC) and the HPLC-purified probes were lyophilized and
stored at –20 8C. For immobilization of the probe, phosphate buffer solution
(25 mM, pH 7) containing 5 mM thiolated probe, 25 mM NaCl and 50 mM
MgCl2 was incubated with the sensors for one hour in a dark humidity chamber
at room temperature. Then the chip was washed twice for five minute with
phosphate buffer solution (25 mM) containing 25 mM NaCl. Next, sensors were
incubated for 30 minutes at room temperature with a phosphate buffer solution
(25 mM) containing 10 mM neutralizer and 25 mM NaCl, followed by washing
three times for five minutes each with the same buffer. Subsequently, chips were
treated with different targets followed by washing. For ATP detection, sensors
were incubated for ten minutes at room temperature with a phosphate buffer
solution (25 mM) containing 25 mM NaCl and different concentrations of ATP.
For cocaine detection, sensors were incubated for two minutes at room
temperature with a phosphate buffer solution (25 mM) containing 25 mM NaCl and
different concentrations of cocaine. For synthetic target DNA, sensors were
incubated for 30 minutes at room temperature with a phosphate buffer solution
(25 mM) containing 25 mM NaCl, 10 mM MgCl2 and different concentrations of
the target. In the cases of E. coli total RNA and E. coli lysate, sensors were incubated
for 30 minutes at room temperature with sterile and RNase-free PBS containing
different concentrations of the target.

Electrochemical analysis and scanning electron microscopy (SEM). All
electrochemical experiments were carried out using a Bioanalytical Systems
Epsilon potentiostat with a three-electrode system featuring a Ag/AgCl reference
electrode and a platinum wire auxiliary electrode. Electrochemical signals were
measured in a 25 mM phosphate buffer solution (pH 7) containing 25 mM NaCl,
10 mM [Ru(NH3)6]Cl3 and 4 mM K3[Fe(CN)6]. DPV signals were obtained with a
potential step of 5 mV, pulse amplitude of 50 mV, pulse width of 50 ms and a
pulse period of 100 ms. Signal changes that corresponded to replacement of the
neutralizer by a specific target were calculated with background-subtracted currents:
DI%¼ (Iafter – Ibefore)/Ibefore × 100 (where Iafter¼ current after replacement of
neutralizer and Ibefore¼ current before replacement of neutralizer). SEM images were
obtained using an Aspex 3025 SEM.
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