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In this work we report on the design, microfabrication and analytical performances of a new

electrochemical sensor array (ESA) which allows for the first time the simultaneous amperometric

detection of nitric oxide (NO) and peroxynitrite (ONOO�), two biologically relevant molecules. The

on-chip device includes individually addressable sets of gold ultramicroelectrodes (UMEs) of 50 mm

diameter, Ag/AgCl reference electrode and gold counter electrode. The electrodes are separated into

two groups; each has one reference electrode, one counter electrode and 110 UMEs specifically tailored

to detect a specific analyte. The ESA is incorporated on a custom interface with a cell culture well and

spring contact pins that can be easily interconnected to an external multichannel potentiostat. Each

UME of the network dedicated to the detection of NO is electrochemically modified by

electrodepositing thin layers of poly(eugenol) and poly(phenol). The detection of NO is performed

amperometrically at 0.8 V vs. Ag/AgCl in phosphate buffer solution (PBS, pH ¼ 7.4) and other buffers

adapted to biological cell culture, using a NO-donor. The network of UMEs dedicated to the detection

of ONOO� is used without further chemical modification of the surface and the uncoated gold

electrodes operate at �0.1 V vs. Ag/AgCl to detect the reduction of ONOOH in PBS. The selectivity

issue of both sensors against major biologically relevant interfering analytes is examined. Simultaneous

detection of NO and ONOO� in PBS is also achieved.
Introduction

The simultaneous detection of chemical substances released by

living systems and biological samples is of the utmost importance

for the elucidation of signal transduction pathways in vivo and

also for drug testing by cell-based assays.1 The development of

sensors that display high sensitivity and selectivity towards tar-

geted molecules, and at the same time are insensitive to inter-

fering chemicals present in complex biological media, is the

major hurdle that has to be crossed in order to achieve the

simultaneous detection. In spite of their inherent difficulties,

electrochemical methods are recognised as being the only label-

free analytical tools able to determine the local flux of biologi-

cally active compounds without disturbing their metabolism and

the associated regulatory pathways.2–4 Electrochemical Sensor

Arrays (ESAs) provide an easy access to the simultaneous
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detection of multiple species, when each individual electrode of

the array is specifically tailored to sensitively detect a particular

analyte.

In particular, ESAs are well adapted to the study of reactive

oxygen and nitrogen species in cellular signal transduction.5–7

Among those species, the balance between nitric oxide (NO),

superoxide (O2
�) and their reaction product peroxynitrite

(ONOO�) is known to control many essential cell functions

including activation, proliferation and apoptosis. This reaction

between NO and O2
� is rapid and diffusion-controlled and the

product formed, ONOO�, is a very powerful oxidant and cyto-

toxic agent. Indeed, ONOO� undergoes homolytic or heterolytic

cleavage that triggers a cascade of highly reactive molecules

including OHc and NO2c radicals.8 These molecules and their

progenitors are the major compounds of oxidative and nitro-

xidative stress9,10 and they are involved in the development of

various (cardio)vascular and neurodegenerative pathologies and

diseases. For example, in the case of traumatic injury, the defi-

ciency of bioavailable NO and overproduction of ONOO�

should be closely monitored.11 Among all the involved species,

and due to their very short lifetimes, only NO and ONOO� can

be monitored simultaneously. The demonstration that NO/

ONOO� balance can be used as a risk marker is tightly linked to

the accessibility of an accurate analytical concept.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0lc00585a
http://dx.doi.org/10.1039/c0lc00585a
http://dx.doi.org/10.1039/c0lc00585a
http://dx.doi.org/10.1039/c0lc00585a
http://dx.doi.org/10.1039/c0lc00585a
http://dx.doi.org/10.1039/c0lc00585a
http://pubs.rsc.org/en/journals/journal/LC
http://pubs.rsc.org/en/journals/journal/LC?issueid=LC011007


D
ow

nl
oa

de
d 

by
 U

N
IV

 B
O

R
D

E
A

U
X

 1
-S

C
D

-B
IB

L
IO

 U
N

IV
E

R
SI

T
A

IR
E

 o
n 

24
 J

an
ua

ry
 2

01
2

Pu
bl

is
he

d 
on

 1
4 

Fe
br

ua
ry

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0L
C

00
58

5A

View Online
Our interest in designing electrochemical sensing devices for

biologically relevant species such as NO, O2
� and thiols12–15 led us

to explore the possibility of tailoring ESAs platforms, in a design

that is adapted to cell culture studies, dedicated to the simulta-

neous detection of NO and ONOO�. The key step in the devel-

opment of the desired simultaneous detection is the ability to

independently modify each electrode, or group of electrodes, with

the appropriate sensing chemistry and to address them with

different electrical potentials. Proof of concept and feasibility of

different sensing chemistries for the individual detection of NO,

O2
� and ONOO� was previously demonstrated.15 Additionally,

the development of platforms integrating embedded electrodes for

the detection of NO and other associated compounds on which

cells can grow were suggested and developed by several groups.16–26

However, only very few examples devoted to the simultaneous

detection of 2 or 3 different analytes were reported.17,18

In this work we present the design, microfabrication and

analytical performances of a new fully integrated ESA for the

simultaneous amperometric detection of NO and ONOO�. The

integrated design allows the ESA to be implemented in a cell-

culture well. The on-chip device includes multiple sets of indi-

vidually addressable ultramicroelectrodes (UMEs) grouped

around two networks where each one is tailored to detect

a specific analyte. This method should allow real-time moni-

toring of the levels and ratios of important but unstable NO and

ONOO� biomolecules, and could serve as an important diag-

nostic tool in biomedical research as well as in primary care

situations. The desired characteristics of such platforms should

combine a high degree of biocompatibility that allows growing

the biological cells directly onto the arrayed electrodes and then

minimise the distance between the source of production of NO/

ONOO� and the surface of the sensors with a high density of

UMEs to allow amplifying the measured average amperometric

signal. Additionally the application of electrochemical arrays to

glass substrates can allow the simultaneous observation of cell

cultures with continuous monitoring of NO and ONOO�

concentrations.
Experimental

Chemicals

NO donor compound, DEA-NONOate (diethylammonium (Z)-

1-(N,N-diethylamino)diazen-1-ium-1,2-diolate) was from

Cayman Chemical (USA) and kept at �20 �C. Silver (99,9%)

wires were from Goodfellow (UK). All other chemicals were

reagent grade and were used without further purification. All

aqueous solutions were made using ultrapure water with a resis-

tivity of 18.2 MU cm. All experiments were achieved at room

temperature (25 � 3 �C) in phosphate buffer solution (PBS) (0.1

M; pH ¼ 7.4). PBS was prepared by mixing 78.2 mL of NaOH

(0.1 M) with 100 mL of NaH2PO4 (0.1 M).

The NO donor stock solutions were prepared by dissolving

DEA-NONOate in NaOH (0.01 M) solution (10 mM DEA-

NONOate). The obtained solutions were aliquoted and kept at

�20 �C in the dark for two months maximum. Alkaline stock

solutions were thawed immediately before use and release of NO

was initiated by adding aliquots to aerobic PBS (pH 7.4) at room

temperature.
This journal is ª The Royal Society of Chemistry 2011
Peroxynitrite was synthesised as previously described.27

Briefly, a 250 mL beaker containing 50 mL hydrogen peroxide

(50 mM) and sodium nitrite (50 mM) is kept on ice with vigorous

magnetic stirring. 25 mL of hydrochloric acid (0.1 M) at room

temperature are rapidly added, followed 1 s later by 25 mL of ice

cold sodium hydroxide (1.5 M) to quench the reaction. Excess

hydrogen peroxide was removed by passing the solution over

homemade manganese dioxide flakes.28 The obtained alkaline

stock solution was aliquoted, kept in the dark at�20 �C and used

within one week. Peroxynitrite concentration of the stock solu-

tion was determined prior to experiments by reading the absor-

bance at 302 nm (3 ¼ 1705 L mol�1 cm�1 29). It is important to

note that unreacted nitrite might be still present in the final

solution, and therefore this should be taken into account in every

experiment using peroxynitrite synthesised from this method.

One hundred mM dopamine (DA), 100 mM hydrogen peroxide

(H2O2), 200 mM sodium nitrite, 250 mM glutamate (Glu) and 500

mM ascorbic acid (AA) were used to evaluate the selectivity of the

ESAs against electrochemical interfering analytes.
Design and microfabrication of the ESAs

Design. The ESAs were grouped into two networks in view to

simultaneously detect NO and ONOO�. In this two-in-one

integrated electrochemical system, all the electrodes were

arranged in matching pairs: two sets of multiples working

UMEs, two counter-electrodes and two reference electrodes.

Moreover, the pattern was included in a 15 mm diameter circle to

simulate a cell culture well. The structure of the ESA is shown in

Fig. 1. The counter electrodes were designed in two parts as 2

semicircles surrounding the working UMEs with a 14 mm

diameter. The width of these electrodes is 500 mm giving

a 9.9 mm2 surface area. The reference electrodes were arranged in

the centre and represent two 5 � 0.25 mm bars with a surface

area of 1.25 mm2 each. The working UMEs have a disc shape of

50 microns in diameter with a hexagonal spacing arrangement of

500 mm. Indeed, to insure a radial diffusion of the electroactive

species and an additive current measurement, the geometry of the

ESA is chosen so that the UMEs are spaced equidistantly at

a gap (that is at least ten times the electrode diameter) to avoid

overlapping of the diffusion layers during the electrochemical

experiments.30,31 Seven sets of seven short-circuited UMEs and

one set of 61 short-circuited UMEs composed of each network of

the ESA. Thus each network comprises 110 UMEs, one band

shaped reference electrode and one semi-circle shaped counter

electrode (Fig. 1b).

Microfabrication. Standard microfabrication methods and

equipment were used to satisfy the strict purity requirements for

sensitive electrochemical detection. The cleanroom micro-

fabrication process can be described in three phases. The first

phase involves patterning gold leads for the ESAs on 1 mm thick

glass substrates. The leads, in the second phase, are then

uniformly insulated with a one micron Parylene-C coating, which

is patterned and etched by a reactive ion etching (RIE) process to

define the microelectrode array. In the final phase, the silver is

electro-deposited and transformed to AgCl to integrate the

reference electrodes.
Lab Chip, 2011, 11, 1342–1350 | 1343
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Fig. 2 Photography of the two part cell: aluminium base plate (a) sup-

porting the ESA (b) and Teflon upper part (c) with pins that assure

electrical contacts and contain the well (d) and o-ring sealing (e).

Fig. 1 (a) Layout and design of the ESA is contained on a 50 mm

circular wafer. The electrical connections are permitted through 20 pads

arranged around the periphery. (b) The arrayed UMEs are contained

within the confines of the counter electrodes (CE) which are two half

circles with a 7.5 mm radius. There are two reference electrodes which are

centred vertical bars (Ref). The working UMEs are defined by the etching

of the Parylene insulating layer on the gold electrode areas (hexagonal

patterned pads). They can be addressed in sets of 7 electrodes (pads 1–7)

or as a larger one (pad 8).
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All metals used for the photolithography process were 99.99%

quality, supplied by Neyco, SA. Thin film deposition machine

(Plassys ME300) was used to deposit Ti and Au layers by thermal

evaporation. The Parylene was deposited by chemical vapour

deposition using a SCS Labcoater. Parylene was etched using

a VAS (Vacuum Air Systems) RIE machine. The Parylene
1344 | Lab Chip, 2011, 11, 1342–1350
etching process parameters were 60 standard cubic centimetre

per minute O2 at 0.1 mbar and 100 W RF power for 20 minutes.

To begin the process and ensure high purity, the substrates are

cleaned using 1% Hellmanex in demineralised water for two

hours in an ultrasound bath at 40 �C and then rinsed abundantly

in demineralised water. Titanium and gold (30 nm and 200 nm

respectively) were sequentially deposited by thermal evaporation

under high vacuum (P < 1 � 10�6 mbar) on the cleaned

substrates. The leads and electrodes were then defined photo-

lithographically using Shipley S1818 positive tone photoresist

and chemically etched using a VSLI Titanium Etchant and Gold

Etchant. These patterns were, in turn, electrically insulated using

a 1 mm Parylene-C passivation coating.32 In early prototypes, the

passivation of the gold electrodes was initially fabricated using

SU-8 photosensitive resin, as it is often used for commercial

microelectrode arrays. However the SU-8 was not suitable in the

present case, as it provoked the pollution of the electrode

surfaces and it was degraded by the electrochemical deposition of

phenol used as a selective barrier. Parylene was retained for its

chemical resistance and inertness, and the plasma etching process

ensured clean electrode surfaces after removal. The uniform

coating was subsequently patterned using S1818 photoresist to

define the microelectrode array including the working UMEs,

counter and reference electrodes, as well as the pads for

connection to the external potentiostats.

To create the integrated Ag/AgCl reference electrode, Ag was

electro-deposited directly on the reference electrode as follows:

the substrate was submerged in a 1 mL solution of citric acid

(15 mM) + silver nitrate (0.2 M) + nitric acid (0.1 M)33 and Ag

was electro-deposited galvanostatically by applying a constant

current of �250 mA to the reference electrode for fifteen minutes.

These parameters led to the formation of 2 mm thick silver

deposits, which was then carefully rinsed and dried, before being

electrochemically oxidised in saturated KCl solution by applying

+1.5 V to form AgCl. This method gave stable and durable

integrated reference electrode in contrast to other methods such

as thermal evaporation of Ag.
Electrochemical techniques and surface characterisation

For all the electrochemical experiments, the ESA was inserted in

a two part cell (Fig. 2). The first piece consists of an aluminium
This journal is ª The Royal Society of Chemistry 2011
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base plate (Fig. 2a) supporting the ESA platform (Fig. 2b) and

the second upper part made of Teflon contains 20 sprung gold

plated pins (Fig. 2c), which assure electrical contacts and

a 15 mm diameter reservoir for the reception of liquids above the

electrodes (Fig. 2d). The well was sealed using an o-ring (Fig. 2e)

that was clamped between the top and bottom plates.

All the electrochemical experiments were performed at room

temperature (25 � 3 �C) in aerated conditions. Either Ag wire

electrochemically coated by AgCl placed in the electrochemical

cell or the embedded Ag/AgCl band electrode fabricated within

the ESA was used as reference electrode. Identical results were

obtained when using either the external or the internal pseudo-

reference electrode.

Cyclic voltammetry and chronoamperometry experiments

were carried out using a Princeton Applied Research potentiostat

(model 263A) or Picostat (eDAQ) or QuadStat (eDAQ). Chro-

noamperometric measurements of simultaneous detection of NO

and ONOO� were achieved by using common reference and

counter electrode for both sensors.

Scanning electrochemical measurements (SECM) were con-

ducted on the planar UMEs to evaluate their electrochemical

reactivity. SECM experiments were carried out using a Princeton

Applied Research equipment (UNISCAN Model 370) and

homemade 25 mm Pt microelectrode as the tip. SECM images

were obtained by maintaining the tip at a constant z position and

scanning in the x–y plane over the desired area (constant-height

mode of SECM) and monitoring changes in the steady-state

current of potassium hexacyanoferrate(II) oxidation at 0.5 V vs.

external Ag/AgCl as the tip travels.

AFM experiments were performed with a DI-Caliber AFM

system from VEECO Instruments with a claimed resolution of

0.1 nm. Alpha Step IQ surface profiler (KLA Tencor) was used to

evaluate the profile of the surface of the constructed ESAs.
Electrochemical measurement of NO

UMEs dedicated to the detection of NO were coated with

poly(eugenol) and poly(phenol) layers to ensure adequate selec-

tivity. First, the electrodes were treated in an aqueous solution of

eugenol (10 mM) + sodium hydroxide (0.1 M) by applying

a potential of 150 mV vs. Ag/AgCl for 15 min, allowing the

electrodeposition of a poly(eugenol) layer. Poly(phenol) layer

was then deposited on top of the poly(eugenol) layer by cyclic

voltammetry, by scanning the potential of the UMEs between

0 and 0.7 V vs. Ag/AgCl at a rate of 10 mV s�1 for 10 cycles in

PBS (0.1 M; pH ¼ 7.4) + phenol (0.5 M).

For NO measurements, a potential of 0.8 V vs. Ag/AgCl was

applied to the UMEs, and NO release was induced by adding

aliquots of alkaline stock solution of NO donor compound

(DEA-NONOate) to aerobic PBS (pH ¼ 7.4) followed by rapid

mixing using a micropipette. NO-release profiles from decom-

position of DEA-NONOate (10 mM) at chemically modified

UMEs were measured in various buffer solutions: PBS, Dul-

becco’s Modified Eagle’s Medium (DMEM), minimum essential

eagle medium (MEM) and Roswell Park Memorial Institute

medium (RPMI).

Additional coating of the ESAs by fibronectin (Fn) was also

performed. To do so, 50 mg mL�1 solution was prepared by

dissolving Fn from bovine plasma in PBS (0.1 M; pH ¼ 7.4).
This journal is ª The Royal Society of Chemistry 2011
The Fn coating was formed by drying at air and at room

temperature 1 mL of fresh solution of Fn on the entire surface of

ESAs platforms up to 24 h, followed by rinsing with PBS.

Electrochemical measurement of ONOO�

UMEs dedicated to the detection of ONOO� were uncoated bare

gold electrodes poised at a potential of �0.1 V vs. Ag/AgCl.

Aliquots of ONOO� alkaline stock solution were added to

aerobic PBS (pH ¼ 7.4) close to the UMEs. Unlike for NO

detection, the solution was not mixed with a micropipette

because this would hide the ONOO�-related amperometric

signal.

Results

Characterisation of the arrayed UMEs

The geometrical features and dimensions of the fabricated ESAs

were characterised using optical photography, AFM and surface

profiler; while the electrochemical behaviour of the UMEs was

studied using SECM and K4Fe(CN)6 redox probe. Fig. 3a shows

an optical photography of a group of 7 UMEs. The geometrical

area of the electrodes is defined by the holes left in the Parylene

insulating layer after the etching process. Profilometry

measurements (not shown) indicate that the thickness of the

Parylene layer is 1.2 mm; it corresponds to the recession height of

the electrodes. Fig. 3b shows an AFM image of a single UME.

This technique confirms that the electrode has a diameter of

50 mm, and indicates that the gold surface has a roughness value

(rms) of 7 nm while the Parylene layer shows a rms of 5 nm. On

the micrometre scale, both Parylene and gold surfaces appear

essentially flat.

The UMEs composing the ESA were further characterised

with SECM. This technique is based on faradaic current changes

at a tip that is moved across the surface of a sample (the ESA in

this case). The obtained images depend on the sample topog-

raphy and surface conductivity; they reveal the exact electro-

chemically accessible area rather than only topographical

features.34 Fig. 3c shows the SECM image of 7 UMEs. This

image allows visualising the shape of the electrochemically active

UMEs by showing the expected differences in amperometric

current measured above the insulating Parylene area and the

conducting UMEs.

Finally, cyclic voltammetry of the reversible redox couple

Fe(CN)6
3�/4� was used to characterise the UME-like electro-

chemical behaviour of the ESA. The objective is two-fold.

Firstly, this mediator is very sensitive to the state of the electrode

surface and is a good tool to check the absence of adsorbed

contaminant species that can hinder the expected electrochemical

behaviour for UMEs. Secondly, it is necessary to check that the

design of the arrayed UMEs does not affect their individual

independent radial diffusion. Indeed, the rationale behind the

construction of the ESAs is that they behave as UMEs in terms of

spherical diffusion leading to steady state currents and enhanced

signal/noise ratio, but with currents intensities similar to mac-

roelectrodes. For arrays of disc-shaped UMEs it has been

proposed that the centre-to-centre distance must be 10 times the

diameter of an individual UME31,35 to avoid, when they are

placed too closely to each other, the overlapping of their
Lab Chip, 2011, 11, 1342–1350 | 1345
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Fig. 4 (a) Cyclic voltammograms (scan rate: 50 mV s�1) at 7, 49 and 110

UMEs in aqueous solution containing K4[Fe(CN)6] (5 mM); (b) linear

variation of steady current (Is) vs. number of short-circuited UMEs.

Fig. 3 (a) Photography of a group of 7 electrodes that are defined by the

etching of the Parylene passivation layer. In this case the etched area is

50 mm in diameter with 500 mm inter-electrode spacing. (b) AFM image of

one gold UME surrounded by Parylene within the ESA and (c) SECM

image of a group of 7 UMES.
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diffusion layers which leads to the loss of steady state currents.

Although this criterion was used for the design of the studied

ESAs, it is very important to check the diffusional independence

of any newly designed array of UMEs.36 Fig. 4a shows the cyclic

voltammograms of arrays of 7, 49 and 110 UMEs in K4Fe(CN)6
1346 | Lab Chip, 2011, 11, 1342–1350
solution. Fig. 4b illustrates the linear relationship between the

current intensity recorded at 0.6 V and the number of UMEs in

the array, as expected for UMEs with non-overlapping diffusion

layers.

The different characterisations show that the ESAs fabricated

in this work are fully functional, and that their individual UMEs

are electrochemically active and do not suffer from diffusional

cross-talk at the time-scale of the experiments.
Electrochemical sensing of NO

To achieve selective electrochemical oxidation of NO without

interference from other products, surface modification of the

electrode is necessary.12,15 NO is electrochemically oxidizable at

conventional electrode materials at high potential values, in the

range of 0.7–1 V vs. Ag/AgCl in aqueous solutions at
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 (a) NO-release profiles in aerobic phosphate buffer solution

(pH 7.4) at 25 �C followed by amperometry at +0.8 V vs. Ag/AgCl at 7, 49

and 110 UMEs coated by Poly(eugenol)/poly(phenol) from decomposi-

tion of DEA-NONOate (10 mM). Inset: maximal current of NO released

vs. number of short-circuited UMEs. (b) Calibration curve of 110 short

circuited UMEs.
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pH 7.4.2,15,37,38 Such high operating potential values systemati-

cally lead to concurrent oxidation of many species present in

biological medium, such as ascorbic acid, dopamine, nitrite,

hydrogen peroxide etc. thus creating interfering electrochemical

signals. This list of potential interfering molecules is not

exhaustive but it represents the most commonly encountered

electroactive species when it comes to detect NO in biological

systems.15 To solve this point, the UMEs of the ESA were coated

by electropolymerized eugenol and phenol films. Indeed,

previous experiments showed that the combination of poly-

(eugenol) with poly(phenol)—among several other layered

materials—allows obtaining the desired selectivity towards

NO.39 In the present case, the electrochemical modification of the

surface of UMEs was performed as indicated in the Experimental

section.

The electrochemical determination of NO-release profile from

DEA-NONOate was studied with the modified UMEs by

amperometry at +0.8 V vs. Ag/AgCl in PBS (pH ¼ 7.4). The

reference electrode was either an external wire or the internal

embedded band shaped electrode; both configurations gave

similar results. After stabilisation of the background current for

ca. 15 minutes, an aliquot of alkaline DEA-NONOate stock

solution was rapidly mixed and the production of NO was fol-

lowed by measuring the evolution of the oxidation current with

time. Fig. 5a shows the obtained amperograms. As soon as DEA-

NONOate is injected and mixed, a fast increase of the current is

observed, due to the oxidation of the spontaneously released NO,

up to a maximum. Then, a relatively slow decrease of the current

is observed as soon as the oxidation of NO by molecular oxygen

present in the aerated electrolytic solution dominates the overall

reaction. The shape of the obtained chronoamperogram is

similar to that previously obtained with single disc or needle type

ultramicroelectrode40 and is indicative of the expected detection

of NO released from the donor. Inset of Fig. 5a clearly shows

that when the different sets of UMEs are short-circuited (to

connect 7, 49 and 110 UMEs) the expected additive currents are

obtained. Fig. 5b shows the calibration curve of the sensor (110

UMEs) within a dynamic range of 0.1–7 mM, which gives

a sensitivity of 0.56 nA mM�1. The theoretical limit of detection

of this sensor, calculated for a signal/noise ratio of 3, is 27 nM.

These analytical characteristics are in the same range as the

various previously reported ones12,15 despite the differences in

shape, configurations and dimensions of the sensors.

Fig. 6 shows the sensitivities of the modified UMEs toward

nitrite, hydrogen peroxide, ascorbic acid and dopamine

compared to their sensitivity to NO. The data indicate that the

modified UMEs discriminate efficiently between NO and the

interfering species. The fact that the layers of poly(eugenol) and

poly(phenol) block the interfering species while allowing NO to

reach the electrode surface is probably due to steric effect or

hydrophilic/hydrophobic interactions.12 It is noteworthy that the

layers effectively reject negatively charged (nitrite and ascorbic

acid), positively charged (dopamine) and neutral (hydrogen

peroxide) interferents. Note that the concentrations of the

interfering analytes and NO used here to test the performances of

the electrodes were restricted to those expected in biological

models.15,25,38

It should also be noted that not only the presence of oxidizable

electroactive molecules can trouble the electrochemical
This journal is ª The Royal Society of Chemistry 2011
measurements of NO in biological systems. Indeed, components

of the biological buffers themselves can chemically react with NO

and their presence can significantly lower its concentration by

providing additional decomposition pathways. So, they do not

interfere with the measurement itself, but for a similar concen-

tration of NO donor, the available amount of NO and its actual

concentration may vary depending on the milieu. Studies

examining the behaviour of electrochemical sensors in various

buffers apart from PBS are rare, notwithstanding the fact their

chemical composition may affect the sensitivity of the measure-

ments. Table 1 compares the currents recorded in different media

usually used for cell culture, for the same concentration of NO

donor. In all cases, the currents are lower than in PBS, and the

decrease is more pronounced when indicators (needed for the

control of the pH value during the culture of cells) are present.

This is probably due to quenching of NO by various chemical
Lab Chip, 2011, 11, 1342–1350 | 1347
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Fig. 7 Amperogram of 7 bare gold UMEs at�0.1 V vs. Ag/AgCl in PBS

(pH 7.4) upon injection of ONOO� (50 mM), NaOH (1700 mM), NO2
�

(200 mM) and H2O2 (500 mM).

Table 1 Comparison of the sensitivity (S) of sets of NO-sensor array
towards NO produced in PBS and in various buffers from decomposition
of 10 mM of DEA-NONOate (evaluated from amperometric measure-
ments at 0.8 vs. Ag/AgCl)

Buffer Sin a given buffer/Sin PBS

PBS 1
RPMI without indicator 0.75
RPMI with indicator 0.32
DMEM without indicator 0.38
DMEM with indicator 0.24
MEM without indicator 0.3
MEM with indicator 0.16

Fig. 6 Comparative representation of the ratio of the sensitivity (S) of

sets of gold UMEs coated with poly(eugenol)/poly(phenol) films for

NO2
� (200 mM), AA (500 mM), DA (100 mM) and H2O2 (100 mM) over

that towards 3.5 mmol L�1 NO in PBS (measured at 0.8 V vs. Ag/AgCl).
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components of the buffers. The decrease is less than one order in

magnitude, which allows the detection of NO in those media with

acceptable sensitivity. These results also show that among the

tested media it would be better to use RPMI free of indicators.

Finally, biofouling of the electrode surface by macromolecules

is another issue that can lead to the decrease of the sensitivity of

the sensors. We found that after the adsorption of fibronectin, an

adhesion protein of the extracellular matrix, the sensors retained

80% of their sensitivity to NO.

Electrochemical sensing of peroxynitrite

Determination of ONOO� through its electrochemical reduction

or oxidation was previously reported using chemically modified

electrodes with manganese porphyrin or phthalocyanine at

�0.3 V vs. Ag/AgCl41–43 and platinized ultramicro-carbon fibre at

0.5 V vs. Ag/AgCl,2 respectively. Both approaches suffer from

severe potential interferences from the reduction of molecular

oxygen and the oxidation of hydrogen peroxide and other

significantly relevant analytes. It was also shown that peroxyni-

trous acid ONOOH, the conjugated acid of ONOO�, can be

reduced at a gold electrode in buffered acid solution, although it

was not possible to estimate the electrode potential of the redox

couple ONOOH/ONOOHc� strictly on the basis of the chemistry

of ONOOH.44 Thus, we have recently examined the reduction
1348 | Lab Chip, 2011, 11, 1342–1350
issue of ONOOH to assess the possibility of detecting the pres-

ence of ONOO� at bare gold electrode at neutral pH.45 We

showed, by amperometry at rotating millimetric bare massive

gold disc electrode, that the optimum potential that allows the

reduction of ONOOH in neutral solution without interferences

from hydrogen peroxide, dopamine, ascorbic acid and nitrite

reduction and/or oxidation is �0.1 V vs. Ag/AgCl.45 In the

following, this approach is applied to the designed ESA to detect

the presence of ONOO�. The use of bare gold UMEs combined

with the choice of the operating potential�0.1 V avoids potential

false-positives from the above mentioned interfering analytes in

complex media and additional steps in the fabrication process.

Fig. 7 shows the typical amperograms obtained at �0.1 V by 7

bare gold UMEs of the ESA upon the injection of aliquots of

alkaline solutions of ONOO�, nitrite and hydrogen peroxide in

PBS (pH ¼ 7.4). Aliquots were manually injected in close prox-

imity to the electrode surface with a micropipette. The injection

was not followed by mixing because most of the ONOO� would

have been decomposed by the end of the mixing. These data show

the transient cathodic current obtained upon adding ONOO�

associated to the reduction of its protonated form. The shape of

the amperogram is indicative of the fast degradation of the

ONOO� that occurs within the first 15 seconds after its

addition.45

Further injections of sodium hydroxide, nitrite and hydrogen

peroxide did not give rise to any current. Because ONOO� was

injected manually, the exact distance between the sensing UMEs

and the point of injection may vary, and so does the intensity of

the recorded signal. Also, due to the very short lifetime of

ONOO�, these results are only informative about changes of its

flux or sustained production (bursts of ONOO�). Quantitative

use of such analytical signals cannot accurately be developed as

long as the kinetics of decomposition of ONOO� are not fully

understood.
Simultaneous sensing of NO and peroxynitrite

In order to assess the possibility of sensing both NO and ONOO�

concurrently at the ESAs platform, two amperometric

measurements were performed simultaneously at both networks
This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 Concurrent detection of NO and ONOO� by two simultaneous

amperometric measurements upon injection of alkaline solution con-

taining DEA-NONOate (10 mM) + ONOO� (50 mM) and 5 minutes later

injection of ONOO� alkaline solution (50 mM). NO detection: at +0.8 V

vs. Ag/AgCl at 7 gold UMEs coated by poly(eugenol)/poly(phenol).

ONOO� detection at �0.1 V vs. Ag/AgCl at 7 bare gold UMEs.
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of the ESA. To do so, a set of 7 UMEs was chemically modified

by poly(eugenol) and poly(phenol) films and dedicated to the

oxidation of NO at 0.8 V, while another set of 7 bare gold UMEs

was used uncoated and dedicated to the reduction of ONOOH at

�0.1 V. After stabilisation of the background current for ca. 15

minutes, an aliquot of alkaline solution containing both DEA-

NONOate (10 mM) and ONOO� (50 mM) was rapidly injected.

Due to the short lifetime of ONOO�, the injection of the alkaline

solution must be performed close to the bare gold UMEs without

immediate stirring. Thirty seconds later, the electrolytic solution

was rapidly stirred in order to homogeneously spread the NO

donor and detect its decomposition at the NO-sensors part of the

ESA. Following this protocol, the presence of ONOO� was

immediately detected upon the injection of the aliquot on the

network of bare gold UMEs biased at �0.1 V, as seen at the

lower part of Fig. 8. Thirty seconds later, and after stirring

the electrolytic solution, production of NO is detected at the

NO-sensor region of the ESA, as it can be seen in the upper part

of Fig. 8.

Additional injections of ONOO� alkaline solution close to the

bare gold UMEs biased at �0.1 V (without stirring) allow

observing again the cathodic amperometric signals related to the

reduction of ONOOH without disturbing the detection of NO

itself. These results clearly suggest that the two networks of 7

UMEs can be employed simultaneously for the detection of NO

formed upon the decomposition of the NO donor, and ONOO�

without any crosstalk. As mentioned earlier, due to the fact that

ONOO� was injected manually, the exact distance between the

sensing UMEs and the point of injection may vary, and so does

the intensity of the recorded signal.

Conclusion

In this work, we report on the design, microfabrication and

analytical performances of a new fully integrated ESA, which for
This journal is ª The Royal Society of Chemistry 2011
the first time allows simultaneous selective amperometric detec-

tion of NO and ONOO�. Several concepts were important for the

design: (i) miniaturisation technologies permitted the creation of

UMEs arrays on a glass surface that results in diffusion inde-

pendent measurements, (ii) electrochemical surface modification

enabled the creation of UMEs that were individually sensitive to

either NO or ONOO� and (iii) integration of the chemical

sensing array as well as the counter and reference electrodes on-

chip allows the system to be incorporated into a cell that can take

measurements in biological medium. UMEs modified with

a bilayer of poly(eugenol) and poly(phenol) were used for the

electrochemical detection of NO at 0.8 V vs. Ag/AgCl. The sensor

showed a sensitivity of 0.56 nA mM�1 and was selective against

major interfering analytes that are biologically relevant. Bare

UMEs poised at �0.1 V vs. Ag/AgCl were used for the selective

detection of ONOO�. Finally, simultaneous detection of NO and

ONOO� in PBS was successfully achieved to validate the proof of

concept. Further applications of this device are now under

evaluation for the assessment of NO/ONOO� ratios produced by

stimulated RAW 264.7 cell lines.
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