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Abstract
A novel microelectrode array sensor was fabricated using MEMS technology on a
needle, and then applied to real-time measurement of dissolved oxygen (DO) inside
biofilms. The sensor consists of eleven gold disk microelectrodes and a rectangular
auxiliary electrode along them and an external & internal reference electrode. Three
kinds of sensors were designed and their responses were characterized and evaluated
under various environmental conditions. The arrays exhibit a linear response to DO in
the 0 - 8 mg L-1 concentration range in water, high sensitivity, repeatability, and low
limits of detection (< 0.11 mg L-1) and quantification (0.38 mg L-1). The sensors were
then validated against a commercial Clark-type microelectrode and applied to profiling
of DO in a heterotrophic biofilm cultivated in a flat-plate bioreactor. It is shown that the
sensor array can provide a multipoint, simultaneous snapshot profile of DO inside a
biofilm with high spatial resolution due to its micrometric dimensions. We conclude
that this new sensor array represents a powerful tool for sensing of DO biofilms and in
numerous bioprocesses.
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Introduction
Biofilm formation affects most waste-water and waste-gaseous treatment processes.
Both treatment bioreactors use biofilms to remove pollutants [1,2], it is therefore critical
in bio-reactor design to understand the phenomena and mechanisms governing biofilm
growth dynamics.
Among the many chemical species that can be found and monitored inside biofilms,
oxygen is perhaps the most important, as it is the primary electron acceptor in most
aerobic biological processes. The local concentration of oxygen inside a biofilm reveals
the existence of different zones [3], either aerobic or anaerobic, which can explain the
biodegradation processes linked to characteristic oxygen profiles. In addition,
knowledge of oxygen concentration gradients allows the description of mass transfer [4]
and biokinetics [5] processes, allowing the development of more rigorous models.
When characterizing biofilms [6], microsensors are suitable powerful tools for the
determination of chemical parameters with a high spatial resolution. In the measurement
of dissolved oxygen, the most widely used analytical methods are based on fiber-optic
[7] and electrochemical [8] microsensors. Both techniques are implemented in several
applications, including waste-water oxygen analysis [3] because of their ability to make
real time and continuous measurements in small volumes. Features of optical sensors
include chemical inertness, internal reference, stability, high sensitivity to small oxygen
concentration changes and flow-rate independence [7]. The amperometric method, on
the other hand, affords simplicity of operation, high sensitivity and high design
flexibility.
Clark-type microsensors [8] are the most electrochemical commonly used probes and at
the present considered the gold standard [9] in biofilm oxygen sensing. Such DO
sensors consist of an electrochemical three-electrode system with a reference electrode
(RE), an auxiliary/counter electrode (CE) and a working electrode (WE) in an aqueous
solution. Such three-electrode system is isolated from the medium by a selective gaspermeable membrane across which oxygen diffuses towards the cathode (WE), at a rate
proportional to its partial pressure. Thus the reduction current generated at the cathode
is directly proportional to the oxygen concentration in the test solution. The working
electrode potential is typically set around -800 mV (vs Ag/AgCl) so that the overall
reaction (eq. 3) can take place following two consecutive two-electron reduction steps
[10]:

O2 + 2e − + H 2 O → HO2− + OH −

(1)

HO2− + 2e − + H 2O → 3OH −

(2)

O2 + 4e − + 2 H 2O → 4OH −

(3)

Clark-type microsensors have been widely used to monitor biofilms and sediments [11,
12]. However, their manufacture presents important limitations [13]. Most of these
sensors are hand crafted from pulled glass capillaries, and so their main limitations are
the fragility and high unit cost of the devices, the tip-size variability between different
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probes, and the difficulty to bundle several microelectrodes in arrays of controlled
geometry.
Another limitation shared by Clark-type microsensors and optical sensors lays on the
fact that they are restricted to single point measurements performed one at a time, which
makes the acquisition of DO profiles inside biofilms extremely tedious and inaccurate.
Important efforts have been made in the past to measure DO profiles in biofilms [14–
16], some of them based on microfabricated microneedles [17]. The reported profiles
are obtained by mounting the microelectrode on a micromanipulator and driving it into
the biofilm in a series of recording and penetration steps.
Microfabrication techniques represent a much more versatile approach to
microelectrode design, enabling the fabrication of electrodes of wide ranging sizes,
geometries and arrangements. Thus, it is possible to create nano- and microelectrodes
and their arrays [18–21], including disks [20, 22], bands [23, 24] and 3D structures [25–
27], and wire them either in parallel or individually [18,20]. On top of that,
microfabrication techniques allow the cost-effective mass-production of microsensors
that can be deployed in a vast number of applications.
The device presented in this work enables the determination of the oxygen
concentration profile within a biofilm by simultaneously measuring the oxygen
consumption at different depths inside it. This novel DO-MEA sensor to measure DO
profiles overcomes the limitations presented both by optical and Clark-type
microsensors by producing multipoint, instant DO measurements in biofilms in-situ.
Amperometric techniques enable these simultaneous measurements in a simple way.

Materials and methods
Reagents and instrumentation
All solutions used in the sensor development were prepared with deionized water
(conductivity less than 1 µS·cm-1). Chemicals used (K3[Fe(CN)6], K4[Fe(CN)6], KNO3,
KOH, H2O2 and Na2SO3) were of analytical grade and used as received from (SigmaAldrich, www.sigmaaldrich.com), without further purification.
Microelectrode characterization and sensor calibration were carried out with an 8channel potentiostat 1030A Electrochemical Analyzer (CH-Instruments, USA;
http://chinstruments.com). Control experiments were performed using a commercial
Ag/AgCl (3M KCl) electrode as RE and a platinum ring electrode as CE both from
(Metrohm, Germany; www.metrohm.com). However, the RE and the CE incorporated
in the microsensor needle were also used in the profiling experiments. The
microfabricated sensors were calibrated in controlled dissolved oxygen solutions against
an OXI 325 (WTW, Germany; http://www.wtw.de) oxygen probe.
A Clark-type commercial microelectrode (OX-25, Unisense, Denmark,
www.unisense.com) with a tip diameter of 25 µm, connected to a 4-channel amplifier
3

Microsensor Multimeter (Unisense, Denmark) was used for biofilm profiling in control
experiments. Profiles were obtained with the aid of a micromanipulator MM33-2
(Unisense, Denmark).

Calibration of DO-MEA sensor
Microelectrodes (microfabrication process description is detailed in the Electronic
Supporting Information, Fig. S1) required activation before use. Several known goldcleaning methods were investigated [28]. Adequate electrode activation was indicated
by Ip and ∆Ep values consistent with reversible electrode kinetics [29] (electrode
preparation is detailed in the Electronic Supporting Information).
Sensors were calibrated in the oxygen concentration range between 0 and 8 mg DO·L-1
range according to [30]. Oxygen was measured amperometrically using a set-up Fig. S2
(Electronic Supporting Information). The sensor was polarized at -850 mV vs Ag/AgCl
(3 M KCl). The DO concentration was adjusted bubbling different nitrogen (O2 free) air (21 % O2) mixtures through a 0.1 M KNO3 solution, and a magnetic stirrer was used
to ensure better mixing of the solution.

Fig. 1 Linear sweep voltammetry results. Average of measured currents and their
standard deviation plotted against the potential applied on eight WE against the external
(●) and the integrated three-electrode reference system (▼). Linear sweeps were made
in an oxygen saturated saline solution (8 mg DO·L-1). First (1) and second (2) reduction
peaks can be observed in linear sweep voltammograms both with an external reference
and with an integrated reference.

Fig. 1 shows linear sweep voltammograms from 0 to -1 V at a scan rate of 25 mV·s-1 in
a 8 mg DO·L-1 oxygen solution using the commercial Ag/AgCl (3 M KCl) RE and Pt
CE, and with both integrated in the needle Au microelectrode array. The figure shows
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that the two signals are shifted about 250 mV due to the use of different reference
electrodes. The difference in the limiting currents values of the second step was because
different needles were used, with small differences depending on their state of
activation.
These voltammograms allowed us to select the -850 mV vs Ag/AgCl, operating with the
external reference system, and -600 mV vs Au for the integrated three-electrode system,
as the optimal potential value for the determination of the dissolved oxygen
concentration (Fig. 1). This is because that potential involves the complete four electron
reduction of oxygen, and therefore a higher sensitivity. Note that at this potential the
hydrogen evolution reaction does not take place at a significant rate and therefore does
not interfere with the main process under study.
The concentration of DO in the cell was measured with a commercial DO probe and
correlated with the measured polarization currents of each gold microelectrode in order
to build the calibration curves.

Growth of an aerobic biofilm
The suitability of the DO-MEA sensor for biofilm profiling of an aerobic biofilm was
checked comparing the response of the microfabricated sensor with that of a
commercial DO Clark-type microsensor. A flat plate bioreactor (FPB) was designed and
constructed as in Fig. S3 (Electronic Supporting Information) to grow a well-defined
biofilm. The FPB was designed according to [31], and was manufactured in PMMA.
The reactor consisted of an open channel of 20 cm length and 3.5 cm width. Inoculation
was performed by filling the channel with 35 mL of sludge of 2 g SSV·L1 from a pilot
plant bioreactor treating synthetic waste-water.
A mineral medium solution (prepared according to [32]) was supplied to the reactor
using glucose as carbon source. The hydraulic residence time ranged from 4 to 8 hours
throughout the FPB operation. The FPB included an internal recycle flow within the
reactor corresponding to a linear velocity between 0.1 to 10 m·h-1. Two peristaltic
pumps (MCP Standard, Ismatec, Germany) fed and purged the reactor, while a Miniplus
3 peristaltic pump (Gilson, France) was used for internal recirculation.
DO profiles were recorded directly on the biofilm growing in the reactor using both
microsensors. DO-MEA sensor profiles were obtained immersing the sensor, the RE
and the CE into the biofilm and keeping it still during amperometric recording. The
recording time was 15 seconds for an 8-points profile. Clark-type microsensor profile
registration was carried in a similar manner. Probe position was controlled by a
micromanipulatior, but a multimeter was used instead of a potentiostat to monitor its
response. The measurement time depends on the depth of the profile; each step on the
profile requires 15 seconds of acquisition plus the time required for changing position
within the biofilm.
5

Results and discussion
Amperometric DO determination
The oxygen reduction amperometric signal is affected by medium composition
(particularly pH) and also by the electrocatalytic properties of the microelectrodes,
which can be improved thorough the activation procedures described above. In a first
stage, the response was characterized using external reference and auxiliary electrodes.
Following this, the measurements were repeated using the auxiliary and pseudoreference electrodes integrated in the needle. The measurement system had not much
noise and the use of a Faraday cage was not necessary, making easier the biofilm
profiling monitoring in the FPB.
DO-MEA sensor activation and electrochemical characterization
Electrodes were activated as described in the section Electrode Preparation (Electronic
Supporting Information). After activation, the DO-MEA sensor was characterized using
cyclic voltammetry in a ferro/ferri cyanide solutions from 500 mV to -200 mV, at a scan
rate of 100 mV·s-1. The stability and durability of the electrodes after activation was
evaluated by the continuous monitoring of the voltammogram Ip over a period of thirtyfive days. The objective of this test was to study the reproducibility and stability of the
DO-MEA sensor response of two sets: a) electrodes activated only the first day and b)
electrodes reactivated on a daily basis.

Fig. 2 Evaluation of the activation stability for a reactivated needle (●) and other no
reactivated (▼). The oxidation current peak of the voltammogram corresponds to the
average and the standard deviation of 8 electrodes of the same DO-MEA sensor.

Fig. 2 shows the evolution of the ferro/ferri cyanide reduction peak current of two
different needles. The electrodes of the daily reactivated needle recovered their
optimum response (Ip within ± 1.8 %) with the maximum sensitivity evaluated later
6

with the calibration curve. On the other hand, the needle that was not reactivated
throughout the testing period lost sensitivity over time, and after five weeks their Ip
decreased down to 40% of the initial, optimum state. In addition, the standard deviation
between electrodes of the Ip value of these electrodes response increased as time passed.
This activity loss was due to electrode fouling caused by the biofilms tested. However,
despite sensitivity losses, the sensor continued responding to changes in DO
concentration. Because the application presented in this work does not required
continuous measurements, it was possible to activate the electrodes before each day of
experiments to ensure maximum sensor performance for each profile acquired.

DO-MEA sensor calibration
The linearity and sensitivity of the electrochemical response of the three different DOMEA sensors designs were verified in the calibration medium 0.1 M KNO3 by bubbling
a series of nitrogen/air gas mixtures as detailed in section of biofilm DO profile study.
Figure 4 summarizes the reduction currents measured at microelectrodes of different
size under different DO concentrations. The points represent the average from the eight
different microelectrodes on each needle, and the error bars represent standard deviation
arising from the eight microelectrodes. These results were measured simultaneously
using the 8-channel multipotentiostat with the external reference electrode.

Fig. 3 Calibration curves obtained for the reduction of oxygen for the three different
designs. Currents were measured at – 850 mV vs. Ag/AgCl RE and Pt CE. The points
correspond to the average current and the standard deviation for eight different
electrodes of the same DO-MEA sensor.
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The sensors displayed excellent linearity between 0-8 mg DO·L-1 range with correlation
factors (r2) greater than 0.99 for all three microelectrodes sizes, demonstrating that the
sensors are suitable for the determination of DO.
In addition to the calibration curves, the DO concentrations can be estimated
experimentally from the microelectrode calibration response, or theoretically from the
equation corresponding to a diffusion controlled limiting current (Ilim) (defined in
Electronic Supporting Information).
The experimental results in 0.1 M KNO3 were in good agreement with current values
obtained from eq. (S2), considering a passivation recess height of 1.9 µm. The
experimental obtained sensitivities were: for the electrode diameter of 50 µm, 2.41 ±
0.08 nA·L·mg-1 DO; for the electrode diameter of 25 µm, 1.10 ± 0.08 nA·mg DO-1·L
and for the smallest diameter of 10 µm, 0.35 ± 0.02 nA·mg DO-1·L. In terms of current
density (j), the obtained values were: j50µm= 1.23 A·m-2, j25µm= 2.24 A·m-2 and j10µm=
4.46 A·m-2, where smaller electrodes sizes display higher current densities thanks to the
greater contribution of hemispherical diffusion to their edges. Approximately thirty DOMEA sensors (twenty for the design with bigger electrodes, and five of other types
each) were calibrated and all showed good reproducibility with a standard deviation
between microelectrodes less than 0.08 nA·mg DO-1. This analysis was completed
studying the repeatability of the measurement resulting in a good behavior. Besides the
effect of the overlapping neighboring electrodes diffusion layers in the array [18, 20,
33] was also considered, and the separation between electrodes was decided in order to
minimize this effect. This effect was higher for smaller DO-MEA design, where interelectrodes distance was 35 µm, and was minimized for the bigger design with an interelectrode distance of 100 µm.
Although the intercepts shown in Fig. 3 are very close to zero, sensors response showed
a residual current in absence of oxygen which could be caused either by the presence of
residual DO due the limited efficiency of the deoxygenation procedure, or by a current
due to the onset of the hydrogen reduction on the electrodes surface, since the working
potential selected is limiting at the reaction as was illustrated in section of biofilm DO
profile study. This offset was approximately 1 nA for the 50 µm design, 0.65 nA for the
25 µm electrode and 0.48 nA for the 10 µm design.
Other important parameters worth taking into account are the limits of detection and
quantification defined by IUPAC (defined in Electronic Supporting Information). Table
1 shows the LD and LQ values according eq. S3 and eq. S4 obtained experimentally for
the three different designs. Overall, calibration tests revealed a high sensitivity and
repeatability and low detection and quantification limits of the developed sensors.
Table 1. Limit of detection and Limit of quantification for the three different designs.
Microelectrode diameter / µm
50
25

O2 LD / mg L-1
0.04 ± 0.01
0.07 ± 0.02

O2 LQ / mg L-1
0.15 ± 0.03
0.22 ± 0.08
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10

0.11 ± 0.03

0.38 ± 0.01

Three-point calibration curves of the DO-MEA were made in the mineral medium used
for biofilm growth (data not shown) with respect to a Ag/AgCl external reference
electrode before and after each experimental biofilm profile monitoring. The sensor
performed linearly as in KNO3 and exhibited a sensitivity of 2.36 ± 0.09 nA·L·mg-1
DO. This 2% lower sensitivity confirms the good performance of the device for this
application. Furthermore, its applicability without covering the electrode with an
oxygen-permeable membrane, as is usually done in the Clark-type sensors, provides
advantages over the protected ones as higher sensitivity and faster response.

Effect of the mineral medium in the DO-MEA microsensor response
In order to determine the working range of the sensors, their response in media of
different composition was also studied. The effects of mineral medium composition and
of pH on the DO-MEA sensor performance are detailed in the Electronic Supporting
Information. Results in Fig. S4 (Electronic Supporting Information) indicate that
changing the salt anion of the supporting electrolyte has no effect on the sensor
sensitivity, however, changes in ionic strength significantly affected the sensor
response. In addition, the oxygen signal was nearly unaffected by pH changes in the
6<pH<8 range (Table S1 in the Electronic Supporting Information).

Needle integrated three-electrode system
Since biofilm thickness may range from several microns to a few millimeters and
biofilms are often grown in small reactors in order to study them, it is necessary to
integrate the RE and the CE in the needle avoiding external electrodes and, thus,
reducing the experimental system dimensions. At this stage, one of the integrated
microdisk electrodes in the DO-MEA was used as pseudo-reference electrode while the
rectangular macroelectrode was used as CE. The main difference introduced with the
integrated three-electrode system configuration was that the reduction potential shifts ±
250 mV. The different studies, described in the previous section for the external
reference system, were carried out with the integrated three-electrode system, obtaining
the same sensor behavior. In order to improve the stability of the pseudo-reference, the
electrode surface was previously oxidized, subjected it to a continuous anodization, so
that it would keep a more stable potential over time [34]. The oxidized pseudo-reference
electrode was evaluated with a continuous measurement of its potential versus a
commercial Ag/AgCl (3M KCl) electrode in KNO3 0.1 M for 18 h. The drift rate of the
integrated reference was 0.68 mV·h-1, which was considered acceptable for short-term
measurements such as those conducted in the present study. However, long-term
measurements require a reference with a lower drift, which will be achieved in future
work, using an integrated Ag/AgCl reference. The calibration of the integrated threeelectrode system microsensor was made using the same procedure used with the
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external commercial RE and CE. With the new selected potential of -600 mV, the
calibration curve for the integrated configuration presented a satisfactory response of
2.07 ± 0.07 nA·L·mg-1 DO with a R2 of 0.99. Detection and quantification limits were
also estimated, resulting in 0.05 ± 0.01 mg DO·L-1 and 0.17 ± 0.06 mg DO·L-1
respectively. These results shows a good response with the use of the integrated system,
with a small loss of sensitivity and LD and LQ respect the external reference system, due
the reduction potential selected and a different needle was used.
In Table 2 the main characteristics of the microneedle here described have been
compared with the common commercial available dissolved oxygen microsensors, both
optical and electrochemical microsensors

Table 2. Figures of merit of comparable methods for profiling of dissolved oxygen with
commercial products based on microsensors
Method/
Materials used

Analytical
ranges

O2 LD
(mg L-1)

Electrochemical,
Gold electrode

0-8 ppm

0.04 ± 0.01

0 – 45 ppm

0.015±
0.005

Optical sensor

0 – 22.5

0.02

Spatial
resolution
(µm)
10 - 50

Response
time (s)

50

10

< 50

5-10

1

Tapered tip

140 µm
Flat-broken

30

tip

Electrochemical
Clark type, gold
electrodes

0-200
mmHg

---

0-8 ppm

0.01

0 – 20 ppm

---

250
10 - 500
2000

20 - 30
1-3
12

Comments

References

- 8 Simultaneous mesurements
- Compatible with other µISE
- Measurements in liquid and gas
phase
- No consumption of oxygen
- Single measurement
- pH range 1-14
- fragile
- display photobleaching
- more photostable than tapered
sensor tips
- long-term stable
- more robust
- Flexible
- Manual temperature
compensation
- Single measurement
- pH range 1-14
- Probe can be plugged directly
into any standard pH meter

This work
Presens

(www.presens.de)

Loligo Systems
(www.loligosystem
com)

Oxford Optronix
(www.oxfordoptronix.com)

Unisense

(www.unisense.com

Lazar Research
Laboratories

(www.lazarlab.com

Biofilm DO profile study
The suitability of the developed DO-MEA microsensor for biofilm monitoring was
evaluated in a heterotrophic aerobic biofilm grown in a FPB. DO profiles were obtained
using DO-MEA microsensors with both the external and the integrated RE/CE
configuration, and compared to the commercial Clark-type microsensor, widely applied
and validate for biofilm monitoring. The thickness of heterotrophic biofilms, typically
around 1 mm, allowed using any of the three different DO-MEA designs. The largest
MEA sensor design was selected for biofilm monitoring because the 50 µm electrodes
due to their higher sensitivity in terms of total current and the lower detection and
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quantification limits. During the detection process, DO is consumed, however this value
has been estimated to be as low as 2.5x10-9 mg of DO due to the micro-sized
dimensions of the electrodes. Since convection inside biofilms can be neglected, the
volume of biofilm affected by the measurement can be obtained using Einstein’s
relation δ = √(2Dt) (where D [m2·s-1] is the DO diffusion coefficient and t = 15 seconds)
is 7.1x10-11 m3. The alteration produced by this consumption is extremely local and the
biofilm is able to quickly recover its initial conditions, and so this perturbation in the
oxygen concentration around the electrodes can be considered negligible.
Both sensors were tested maintaining the same position within the biofilm, for this
reason a 3D micromanipulator was used. DO profiles (Fig. 4, right) were obtained by
three consecutive 8-point measurements for both DO-MEA microsensor configurations
(Fig. 4, left) to cover a total of 24 measurements per microsensor (Fig. 4 left). For the
Clark-type microsensor, each measurement was made every 50 μm using the
micromanipulator.

Fig. 4 Left: Schematic representation of the three consecutive DO-MEA measurements.
Right: Microprofiles of DO within an aerobic heterotrophic biofilm using the MEA
microsensor with external (♦) and three internal configurations (■), and the commercial
Clark-type microsensor (▼).
The DO profiles with the different microsensors are showed in Fig. 4. The first thing to
note when comparing different types of sensor is the different DO concentration
measured in the liquid-biofilm interface, being 6.4 mg DO·L-1 and 6.8 mg DO·L-1 for
the DO-MEA sensor with the external and the integrated reference system respectively,
and 6.1 mg DO·L-1 for the Clark microsensor. These small differences in the
concentration measured were maintained throughout all the profile within the biofilm,
and became clear again from 1800 µm depth, where according to Clark sensor oxygen
was totally depleted, while both DO-MEA sensor profiles indicated that DO was not
depleted after 2400 µm. Despite these slight differences in the measured concentrations,
all sensors showed the same behavior, being able to observe the same slopes along the
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three measured DO profiles. Therefore results showed that, considering the response of
Clark microsensor as a standard, DO-MEA sensor, with both configurations, detected a
slightly higher DO. This fact could be explained by changes in bacteria activity at the
recording time of the profiles, because these were not carried out simultaneously.
However the most probable cause was the bigger dimensions of the needle width, 500
µm, than that of the Clark microsensor, which altered the biofilm structure, facilitating
the entrance of some of the bulk liquid to the biofilm and causing a misleading sensor
reading. In order to reduce the disturbance during biofilm profiling, the DO-MEA
sensor will be made of a flexible polymer, with a maximum thickness of 50 µm.
Overall, both sensors responses exhibited the same trend, thus confirming the suitability
of the developed DO-MEA sensor for biofilm monitoring. The DO-MEA sensor also
allowed obtaining the profile more easily, in three 8-points consecutives measurements,
reducing the profile variations caused by the dynamics of the biofilm.
Furthermore, in the near future, the use of such microfabricated device will enable the
integration of ion selective membranes, which may be deposited selectively in specific
microelectrodes in a single needle. The combination of several different modified
microelectrodes will enable the acquisition of a specific biofilm profile for a previously
defined analytes such as for example oxygen, sodium, potassium or sulphides. These
will provide to this novel platform of high versatility for obtaining desired and specific
profiles for deeper studies of biofilms.

Conclusions
The technological improvement and the versatility of the standard microfabrication
techniques open the possibility to multiple studies of biofilms with different thickness,
even in micro scaled biofilm reactors, at a low cost per sensor and high robustness. The
DO-MEA sensor showed a good performance, providing reliable instantaneous
information of the activity inside biofilms. DO-MEA sensor exhibited an excellent
linear response in the range 0-8 mg DO·L-1 for the three different tested designs, with
diameters of 50 µm, 25 µm and 10 µm. The detection and quantification limits of the
three designs have been determined, showing low values in all cases.
From the DO-MEA sensor characterization in different conditions and mediums, it can
be concluded that the sensor may be suitable under a wide range of conditions (pH, and
mineral medium composition and concentration), widening the variety of
bioapplications where it can be used.
The developed DO-MEA sensor overcomes most of the commercial Clark-type
microsensors drawbacks, such as the high cost per sensor and fragility. In addition, it
enables the performance of simultaneously measuring at multiple points. This novel
sensor represents an essential tool to record a biofilm profile in a single measurement,
reducing significantly the acquisition time of a complete profile. This sensor becomes
an extremely important tool that will enable advances in biofilm characterization,
obtaining mass transfer and biokinetics phenomena related information. Understanding
12

of these processes will be a key issue to progress in the optimization of applied
biotechnologies.
This microfabricated needle has been the proof of concept for DO sensing in this
application. However, further technological improvements of these sensors are ongoing
for on the one hand reduce the thickness of the needle and thus minimize the damage of
the biofilm structure, and on the other hand to cover the electrode area with oxygenpermeable membranes for opening its applicability to extreme biofilm growth
conditions.
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