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A hydrogen peroxide sensor for exhaled breath measurement
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Abstract

An increase in hydrogen peroxide concentration in exhaled breath (EB) of patients, who suffer from some diseases related to the lung
function, has been observed and considered as a reliable indicator of lung diseases. In the EB of these patients, hydrogen peroxide is present
in the vapour phase together with water, thus one of the approaches of monitoring hydrogen peroxide in the EB is to condense it and then to
perform the hydrogen peroxide measurement in the condensate.

Earlier, a hydrogen peroxide sensor based on an electrolyte metal oxide semiconductor field-effect transistor (EMOSFET) has been inves-
tigated. The sensor shows the possibility to measure hydrogen peroxide at a concentration of micro-molar level. Due to its miniaturizability,
the sensor is able to detect hydrogen peroxide in a small volume and is thus especially suitable for monitoring of hydrogen peroxide in the
EB. In this paper, a simple set-up for condensation of hydrogen peroxide in the EB is introduced. The set-up consists of a cooling tube using
a tube,
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Peltier element for condensation of the exhaled breath air and theEMOSFET-based hydrogen peroxide sensor. Using this cooling
rimary results on the collection and measurement of hydrogen peroxide in artificial EB are given.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Exhaled breath air consists of traces of many volatile com-
ounds as nitric oxide (NO) and carbon monoxide, and a
ater vapour saturated phase that contains aerosol particles
ith non-volatile compounds, such as H2O2, nitrite, chlo-

ide, isoprostane and proteins. These compounds reflect the
omposition of the bronchoalveolar extracellular lining fluid
n lung, which is continuously subjected to many noxious
gents presented in a polluted environment[1]. At healthy
eople, the concentrations of the non-volatile compounds in

he exhaled breath are quite low[2], but it will dramatically
ncrease at patients who suffer from certain diseases. When

person has lung inflammation, white blood cells (granu-
ocyte type) release enzymes, hydrogen peroxide and other
hemicals to kill bacteria.

An increase in the hydrogen peroxide concentration in the
xhaled breath has been considered as a main and reliable

ndicator of lung diseases, such as asthma and chronic ob-
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structive pulmonary diseases[3,4]. Increase in the hydroge
peroxide concentration in the breath condensate is also r
nized when the human lung becomes in contact with ox
tive gases like tobacco smoke. Some studies presented[5]
show a difference in the hydrogen peroxide concentratio
the exhaled breath condensate of smokers and non-sm

Therefore, the monitoring of the hydrogen peroxide l
in the exhaled breath can provide reliable information a
lung injury that is important for diagnostics and further tr
ment of mentioned diseases.

Up to now, a common method to collect the exhaled br
condensate is to use a special cooling collector includ
freezing cooling tube by ice[5–7] or liquid nitrogen[8] and
cooling machine, which has a refrigerator’s circuit. Furt
the obtained condensate is analyzed off-line by other
niques, such as spectroscopy, with assistance of perox
due to the lack of a miniaturized hydrogen peroxide se
For spectroscopic analysis, a relatively large volume o
condensate, in the order of hundreds micro-liter, is requ
while sample dilution is not possible due to a low hydro
peroxide concentration in the condensate, which is typi
E-mail address:d.v.anh@el.utwente.nl (D.T.V. Anh). in the range between hundred nano-molar and micro-molar
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Fig. 1. TheEMOSFET-based hydrogen peroxide sensor.

level. Therefore, the required time for obtaining one sample
is rather long.

In this paper, we present a set-up, which allows to di-
rectly condensate the exhaled breath on a hydrogen peroxide
sensor and then to perform the H2O2 measurement in the
condensate. This set-up consists of a cooling tube using a
Peltier element for condensation of the exhaled breath and an
electrolyte metal oxide semiconductor field-effect transistor
(EMOSFET)-based hydrogen peroxide sensor (seeFig. 1).

Earlier, the hydrogen peroxide sensor, which is based on
the EMOSFET having an Os-polyvinylpyridine (Os-PVP)
gate containing peroxidase (HRP), has shown a possibility
to measure hydrogen peroxide in solution at a concentration
of micro-molar level due to a high catalytic property of per-
oxidase[9–11]. The sensor shows a typical high sensitivity to
hydrogen peroxide when an external nano-current is applied
between the gate electrode and measuring solution (constant
current potentiometric mode). The threshold voltage of this
EMOSFET, which is seen as the signal of the sensor depends
logarithmically on the concentration of hydrogen peroxide
and the applied current[12]. Due to its miniaturizability, the
sensor is able to detect hydrogen peroxide in a small vol-
ume of solution that is especially suitable for monitoring of
hydrogen peroxide in the exhaled breath.
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Fig. 2. Cross-section of the cooling tube.

elevated temperature of 45◦C by a heater. This temperature
is chosen higher than the body temperature to compensate
for the heat loss while the air travels from the washing bottle
to the cooling tube. In addition, the elevated temperature of
the solution ensures high humidity of the air that is close to
the practical value. When the pressurized air is blown to the
hydrogen peroxide solution through a grid, small air bubbles
are created which increases the contact surface between solu-
tion and air. After every hour of condensation, the mass of the
collected condensate is weighted. The concentration of hy-
drogen peroxide in the artificial breath is varied by changing
the hydrogen peroxide concentration in the washing bottle.
Calibration of the hydrogen peroxide in the artificial breath
is done by amperometric measurement in the artificial breath
condensate.

When the humidified air containing hydrogen peroxide
is blown to the cooling tube, the aerosol particles in the air
are condensed into droplets containing hydrogen peroxide
and collected at the sensing area. The sensing part consists
of the EMOSFET-based hydrogen peroxide sensor, which
has an Os-polyvinylpyridine containing peroxidase (from
BioAnalytical System) gate, and a counter electrode made
from platinum. This electrode is used for applying an
external nano-ampere current between the gate electrode
and the condensate during hydrogen peroxide measurement
[12]. In this design, a minimal required sample volume is
c
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p d
. Experiments

The cooling set-up presented in this paper consists o
ooling tube maintained by a Peltier element and a se
he cooling tube consists of three separate parts: a Pelt
ment, cooling tube body and condensate collector as s

n Fig. 2.
One side of the Peltier element contains a set of me

ooling fingers coated with hydrophobic material, where
erosol particles in the exhaled breath are condensed
ody of the cooling tube has a double wall to ensure a g

solation from the environment. The tube has a plastic
nd outlet for blowing the exhaled breath air in and out.

During an experiment, artificial breath air containing
rogen peroxide is made by blowing pressurized air thro
hydrogen peroxide aqueous solution contained in a w

ng bottle. The solution in the washing bottle is kept a
alculated to be ca. 450�l.
In all experiments, the external nano-ampere curre

upplied by a battery-operated current source. Two t
f hydrophobic coating have been used: commercial c

ng FC722 and poly(iso-propylene). The poly(iso-propyle
oating has been prepared from 20, 30 and 40% poly
ropylene) solutions as described in[13]. All chemicals use
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Fig. 3. Mass of the condensate as a function of time, which is shown to
depend on the hydrophobicity of the inner surface of the cooling tube.

in experiments were of analytical reagent grade from Merk
and Fluka.

3. Results and discussions

3.1. Exhaled breath condensator

Prior to the investigation of the condensation of the artifi-
cial exhaled breath containing hydrogen peroxide, the cooling
process of pure artificial breath using the cooling tube, has
been studied.

It can be seen inFig. 3that the mass of the condensate in-
creases proportionally to the cooling time. From this curve, if
there is no coating on the inner surface of the cooling tube, the
condensation rate is calculated to be about 0.9 g/h or 0.9 ml/h.
However, at given water temperature and air flow rate of
1 l/min, the expected amount of the condensate is calculated
to be about 3.4 ml/h, much higher than the obtained value.
A reason for the low condensation rate can be explained by
the poor hydrophobicity of the cooling surface. In fact, the
condensation occurs much faster, but water droplets do not

Fig. 5. The condensation rate depends on the airflow rate (poly(iso-
propylene)).

easily come off from the surface of the cooling fingers. To
improve this, different types of hydrophobic coatings, such
as poly(iso-polypropylene) (I-pp) and commercial coatings
FC722 have been applied to the inner surface of the cooling
tube as well as the cooling fingers.

Among these coatings, the highest hydrophobicity has
been achieved when the coating is made from a 40% I-pp
solution. With the I-pp coating, the contact angle with deion-
ized water increases to 140◦, while for the commercial FC722
coating the contact angle is only 105◦ (Fig. 4).

Consequently, as plotted on the sameFig. 3, with the
FC722 coating, the condensation rate of the cooling tube is
2.6 g/h while with the I-pp coating, about 3.3 g of condensate
is collected after 1 h. Especially, for the I-pp coating, the delay
time, which is needed to wait until the first droplet is collected
in the collector, is minimal. Therefore, the I-pp coating has
been chosen for the cooling tube in further experiments. With
this condensation rate, according to the geometric design of
the collector, the time, which is required for one measure-
ment, is estimated to be about 15 min.

Using the presented collector with the I-pp coating, the
condensation rate of the artificial breath can be increased at
a higher flow rate as shown inFig. 5.

F -propyl nhanc
h

ig. 4. Hydrophobic coatings: commercial FC722 (left) and poly(iso
ydrophobicity.
ene) (right) are applied on the inner surface of the cooling tube to ee its
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3.2. Set-up for making the artificial breath containing
hydrogen peroxide

Generation of the artificial breath air containing hydrogen
peroxide has been described in Section2. The H2O2 concen-
tration in the air depends on the H2O2 concentration in the
washing bottle according to the Henry’s law:

KH = [(H2O2)g]

[(H2O2)s]
(1)

where [(H2O2)g], [(H2O2)s] andKH are the partial pressure
of the gas, molar concentration of the gas in the solution and
the dissolution constant, respectively.

After condensation of the artificial breath air containing
hydrogen peroxide, the H2O2 concentration in the condensate
is measured by amperometry.

Fig. 6 shows that the H2O2 concentration in the conden-
sate is proportional to the H2O2 concentration in the artificial
breath air and can be varied depending on the H2O2 concen-
tration in the washing bottle. At a flow rate of 1 l/min, the
H2O2 concentration in the condensate is found to be ca. 600
times lower than the one in the washing bottle because of the
difference in evaporation rates of water and hydrogen perox-
ide. This correlation coefficient is almost independent on the
H2O2 concentration in the washing bottle.
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Fig. 7. Threshold voltage of an Os-PVP containing HRP-based sensor at an
applied reducing current of 10 nA as a function of time when small amounts
of the H2O2 solution are added.

whereI andI0 are the external applied current and exchange
current between the gate electrode and solution, respectively;
� is the dimensionless coefficient of the redox reaction be-
tween the gate and hydrogen peroxide.

The response of the threshold voltage of theEMOSFET to
changes in a hydrogen peroxide concentration in solution is
shown inFig. 7, while small amounts from a stock hydrogen
peroxide solution are added. Because the expected H2O2 con-
centration in medical applications is in micro-molar range, a
reducing current of 10 nA has been applied between the gate
electrode and the platinum counter electrode to achieve a low
detection limit of the sensor.

From this figure, the calibration curve of the sensor at
the applied reducing current of 10 nA is presented inFig. 8.
The influence of the value of the external reducing current
on the threshold voltage is studied in a condensate obtained
from a 13.7 mM hydrogen peroxide solution. According to
the results shown inFig. 6, the concentration of hydrogen per-

F ased
s

.3. Hydrogen peroxide sensor

Before measurement, a calibration curve of the se
s performed. As earlier explained in[12], the threshol
oltage of the sensor depends on the oxidation ratio o
MOSFET’s gate Os-polyvinylpyridine that is influenced
he H2O2 concentration and an external reducing curren
lied between the gate electrode and the solution:

T = const+ 2.3RT

2F
log[H2O2] − 2.3RT

Fα
log

I

I0
(2)

ig. 6. Hydrogen peroxide concentration in the condensate, which is
ured by amperometry, linearly depends on the hydrogen peroxide co
ration in the washing bottle.
ig. 8. Sensitivity of an Os-polyvinylpyridine containing peroxidase b
ensor to H2O2 at the applied reducing current of 10 nA.
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Fig. 9. Threshold voltage of theEMOSFET measured in the condensate
obtained from a 13.7 mM hydrogen peroxide solution as a function of time
at different values of the applied currents (0, 10, 25 and 50 nA).

oxide in the condensate is estimated to be about 25.1�M that
shows a good agreement with the calibration curve presented
in Fig. 8.

At this concentration the gate of theEMOSFET is almost
fully oxidized even when the reducing current of 10 nA is
still applied. If the current increases, the threshold voltage
decreases due to decrease in the oxidation ratio of the gate
material. At a higher applied external reducing current, the
threshold voltage of theEMOSFET is more reduced as shown
in Fig. 9. When the current is reduced to 0, the gate material
becomes oxidized and the threshold voltage rises, respec-
tively.

Next, when the H2O2 concentration in the condensate is re-
duced, the threshold voltage decreases as presented inFig. 10
that shows a result reaching the expected value of hydrogen
peroxide concentration in the artificial exhaled breath. At an
applied current of 10 nA, the sensor shows a detection limit
close to 0.8�M.

F he
H ducing
c

4. Conclusions

In this paper, we introduce a simple cooling condensator
using a Peltier element to condense the exhaled breath. The
portable set-up consists of the Peltier-based collector, which
requires a low consumption power, in combination with an
miniaturized EMOSFET-based hydrogen peroxide sensor,
that allows the condensation of the exhaled breath and in
situ measurement of the hydrogen peroxide concentration in
the condensate.

The experimental results show that the condensation rate
of the cooling collector depends on the hydrophobicity of
the inner surface of the cooling tube and the cooling fingers.
By applying the poly(iso-polypropylene) coating on the in-
ner surface of the cooling condensator, the condensation rate
increases to 55�l/min. With this condensation rate, the re-
quired time for one measurement is estimated to be about
15 min.

Furthermore, artificial breath containing hydrogen perox-
ide has been made by blowing pressurized air with a constant
rate, through an initial hydrogen peroxide solution. A corre-
lation between the H2O2 condensation in the condensate and
the initial solution has been found to be independent on the
H2O2 concentration in the initial solution, but is dependent
on the airflow rate. Measurement of hydrogen peroxide con-
centration in the condensate by theEMOSFET-based sensor
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as been performed and shows results close to the calib
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