© 2004. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

Available online at www.sciencedirect.com
S(HENCE@DIRECT' SENAgDoRs
ACTUATORS
B

- G
. CHEMICAL
ELSEVIER Sensors and Actuators B xxx (2005) XXX—XXX
www.elsevier.comy/locate/snb

Strategies for fabrication of hydrogen peroxide sensors based on
electrostatic self-assembly (ESA) method

Ignacio Del Villa@, Ignacio R. Matia%*, Francisco J. Arreg@i
Jedis Echeveiid?, Richard O. Claus

a Departamento de Ingenieria Eléctrica y Electronica, Universidad PUblica de Navarra, 31006 Pamplona, Spain
b Departamento de Quimica, Aplicada Universidad Plblica de Navarra, 31006 Pamplona, Spain
¢ Fiber and Electro-Optics Research Center, The Bradley Department of Electrical and Computer Engineering, 106 Plantation Road,
Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, USA

Received 12 July 2004; received in revised form 27 October 2004; accepted 28 October 2004

Abstract

An optical fiber sensor has been fabricated for detectionud#150.1 mM concentrations of hydrogen peroxide with a linear response. The
deposition method used is electrostatic self-assembly (ESA) of polymer cationic and anionic layers. Prussian Blue (PB) has been included
in the polycation layers. The optical fiber sensor is included in a reflection setup, where the measuring technique is based on the slope of
the optical reflected power change caused by oxidation of Prussian White (PW) to Prussian Blue. The sensor recovers after immersion in a
reductive agent and is immune against a variety of components. Measurement of hydrogen peroxide has been proved successfully in a wide
range pHs between 3 and 9. Some techniques have been applied in order to avoid the lost of indicator.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction To this purpose, three important characteristics must be
taken into account. The first one is the detection technique.
Accurate estimation of hydrogen peroxidex(®3) is im- Since the determination of 2, concentration has been a

portant in many fields. It is used in many industrial processes matter of research during the last years, and it still contin-
as an oxidizing, bleaching and sterilizing agent. It is also the ues today, there are a wide variety of techniques. Apart from
waste product in industries such as atomic power stations.titration [1], there are two main groups: electrochemical de-
In these cases, concentration gf®4 is higher than in phar-  tection[2—-10] and spectroscopji1-21]. Both of them are
maceutical, clinical and environmental analysis, where it is adequate for detection of micromolar range concentrations.
the product of reactions catalyzed by a large number of oxi- The latter avoids the application of a voltage and the neces-
dase enzymes. These last fields require accurate sensors thaity of smart membranes to protect the electrodes. But, the
can detect low concentrations. Consequently, in this work we main reason for the selection of spectroscopy is the idea of
fabricate a sensor adequate for detecting micromolar concen-deposing the sensitive structure in an optical system where
trations of HO». the substrate is optical fiber. The advantages of optical fiber
are well known: immunity against electromagnetic interfer-
ences, capability of multiplexing several sensors, low losses
— _ and so forth. Among the variants of spectroscopy: chemilu-
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Its refractive index changes in the transition from the reduced 2. Experimental

to the oxidized state, which leads to an absorbance change

that can be detected with a simple optical system. This phe-2.1. Reagents

nomenon has been studied in the oxidation of Prussian White

(PW) to Prussian Blue (PB]L0,20,21] An important ad- The polycation poly(allylamine hydrochloride, PAH),M
vantage of the PW/PB system compared with other sensors70000, and the polyanion poly(acrylic acid, PAA),,M
[2,4-7,11,14,15,18]s that no enzyme is needed in the sen- 30000, were obtained from Aldrich. Prussian Blue soluble
sitive structure. This permits to save costs. Enzymes such agCgFesKNg-xH20) was obtained from Riedel-de Ea AG.
horseradish peroxidase (HRP) are still expensive nowadaysAscorbic acid was obtained from Panreac. Acetic and phos-
Anyway, there are some less expensive mimics that avoid thephate buffer solutions of 25 mM ionic strength were fabri-
usage of HRR11,15] However, most of them are organic, cated in our laboratory. Hydrochloric acid (HCI) and sodium
which reduces the lifetime of the sensor in an important way, hydroxide (NaOH) were used to adjust the pH of the polymers
in comparison with the sensor developed in this work, as it and Prussian Blue solutions. All water was filtered through a
will be proved. Furthermore, the changes in the absorbanceMilipore Q plus 185 purification system.

of PW/PB system are present in a wide range of wavelengths

between 600 and 1000 nm. This permits the usage of the first2.2. Instrumentation

optical telecommunications window, where LED sources and

photodetectors are cost effective. Power measurements were obtained using a reflection

The second characteristic is the deposition technique.scheme where the light source is a Hewlett-Packard 9537
Electrostatic self-assembly (ESA) method has been selectedHFBR 1424 LED at 810 nm and an Ophir LaserStar pho-
Itis based on the construction of molecular multilayers by the todetector detects the reflected power measurements at the
electrostatic attraction between oppositely charged polyelec-first optical communications window. The pH of the differ-
trolytes in each monolayer deposited, and involves severalent solutions was adjusted with a Crison GLP22 pH meter. In
steps[22]. It is used to build up coatings on a wide variety order to obtain the spectrum of Prussian Blue deposited in the
of substrates such as ceramics, metals, and polymers of difpolymer structure, an halogen white source and an Avantes
ferent shapes and forms, including planar substrates, prismsAVS S2000 spectrometer replace the LED source and the
and convex and concave lenses. Fiber optic is also includedphotodetector, respectively in the reflection scheme.
as a possible substrdte3,17,23] which is the one selected
in this work. One advantage of this technique compared with 2.3. Assembly of multilayer films
others is the stable electrostatic attraction of the nanostruc-
ture deposited at the end of the fiber pigtail. Secondly, thereis  The materials used for deposition of cationic and anionic
wide variety of different polymer structures where Prussian layers are PAH and PAA, respectively. The concentration of
Blue can be deposited. This should permit to avoid the inter- PAH is 2 g/l and PAA 5ml/100 ml. The method used for in-
ference of some molecular species if an adequate structure iluding Prussian Blue into the polymeric structure is premix-
chosen. In addition to this, the thickness of the cavity created ing with the polycatiori13]. In this method, the dye is mixed
at the end of fiber is lower than the coherence wavelength of with a polyion with the opposite charge. Both of them will
a LED source. This permits to avoid the necessity of an ex- associate with the other oppositely charged polyion, lead-
pensive laser device to monitor interferometric phenomenoning to the construction of the structure. Some experiments
caused by changes in the refractive index of the material de-where performed with conjugation technique. Prussian Blue
posited. Since the range of absorbance change of Prussiamvas mixed with PAA, but changes in the signal were not as
Blue is located in the first optical communications window, a clear as with premixing. Annealing after concluding the con-
simple LED source and a photodetector are adequate for thestruction of the LBL structure at the end of the fiber pigtail is
optical detection scheme. another important parameter with consequences in the per-

The last characteristic is the measuring technique. This formance of the sensor. It has been proved that sensors must
is one of the major novelties of this sensor. The detection is stay at 100C during at least 2 h for a good performance. On
based on a reflection scheme where the slope of the change¢he other hand, the addition of capping bilayers at a different
of absorbance of PW/PB system indicates the concentrationpH at the end of the structure causes an improvement in the
of H20,. This phenomenon is due to the diffusion time of sensitivity of the sensor.

H>05 inside the polymer structure, where Prussian Blue is
included. The diffusion time is dependent on the concentra- 2.4. Measuring technique
tion of HyO».

The concentrations that can be monitored with a linear  To perform each measure the same procedure is repeated:
response range fromBM to 0.1 mM. The pHs analyzed the sensoris immersed in a reductive agent, such as ascorbic
range from 3 to 9, which includes the physiological pH. This acid solution, to reduce PB to PW. After this, the sensor is
wide pH range is possible due to the lack of an enzyme in the immersed in a buffer solution. When the signal is stabilized,
structure deposited at the end of fiber. H205 is injected in the buffer, which oxidizes PW to PB. A
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change in the reflected optical power is then produced. This 02— Absorbance before oxidation

process will be repeated for other measures, which indicates 0,18 —— Absothahceaftar oxkition

thatitis a multiple use sensor. The response time of the sensor 5 016 { lsitumabindiede

as a function of hydrogen peroxide concentration is exponen- & 9147

tial. To avoid this problem, another measuring technique is S ng

proposed: the quotient between two values: the difference of fg o,o's ]

power between 90% and 10% of the complete signal level & ;4 |

change, and the time elapsed between these two values. This < 0,04 1

slope leads to good linearity as a function of the concentra- 0,02 -

tion. That is the reason for selecting it. In Sect®it will 0 — ‘ T T
550 600 650 700 750 800 850 900 950 1000

be referenced, for the sake of simplicity, as the slope of the

. : Wavelength
reflected optical power detected by the reflection scheme. avelength (nm)

Fig. 2. Absorbance before and after oxidation, and absorbance change of
PAH + PB/PAA structure with KO, at pH 7.

3. Results and discussion

3.1. Sensing mechanism less, there are some cases where this assumption is not valid.
In[19], Meldola’s Blue isimmersed in a matrix. This causes a
A reflection scheme for the sensor is representédgnl shift in the absorbance maximum that is characteristic of this

The light launched by a LED source is reflected by the sens- colorant from 570 to 720 nm. As a result, we have obtained in
ing arm of a coupler and detected at the photodetector. ThisFig. 2the spectrum absorbances of both Prussian White (the
system is used for the purpose of controlling the growth of reduced form of Prussian Blue) and Prussian Blue. It is also
the structure. Bilayers of [PAH + PBPAA~] are deposited  included the difference between both absorbance plots. The
at the end of fiber. This creates a nano Fabry-Perot cavity reflection scheme dfig. 1has been modified by replacing the
between the fiber and the external medium. As more bilay- LED source with a white light source, and the photodetector
ers are deposited, the reflected power describes a sinus plowith a spectrometer. Around 720 nm, it is located the maxi-
explained in terms of interferomet[24]. Once the structure ~ mum of absorbance change. Indeed, there is a wide range be-
has been deposited, the same setup is used for detecting variween 600 and 1000 nm, where measures can be taken. Con-
ations in the reflected optical power if the absorbance of the sequently, it has been demonstrated that the polymer structure

PW/PB system is changed by the presence dH where Prussian Blue is immersed causes no appreciable shift
in the absorbance spectrum of the colorant in bare solution.
3.2. Choice of materials Any LED source, in the first optical communications window

or even beyond, can be applied in the reflection scheme for

Prussian Blue has been selected based on its applicabilitydetection of different concentrations 056.

to the detection of KO, in both electrochemical sens¢8s9]

and spectroscopjl10,20,21] The absorbance plot for the 3.3. Sensors without capping bilayers

structure deposited at the end of fiber is strongly influenced by

the presence of Prussian Blue[20,21] itis asserted that the In this section, homogeneous polymeric structures de-

maximum is located at a wavelength of 720 nm. This is actu- posited at the end of fiber are analyzed. As an example, a

ally the maximum for this pigment in bare solution. Nonethe- sensor composed of 17 bilayers has been cured during 2 h at

100°. The thermal treatment avoids progressive desorption of

L the bilayers. However, sensitivity is an important parameter

f—‘ =~
P ~

,+”" [(PAH+ Prussian Blue)* /PAAT], > thatis reduced if higher thermal treatment is performed. Con-
i coating N sequently, a trade off must be maintained between sensitivity
; and robustness. Both factors cannot be improved at the same
S time. There is an additional trade off that optimizes the sen-
- sors response when 17 bilayers deposited. It was shown that
the sensitivity of the sensors increased as the amount of Prus-
iae, sensing sian Blue deposited augmented, i.e. as the number of bilayers
=7 clement increased. However, the stability of the structure decreased if
COUPler  ndex too many bilayers were deposited. Seventeen bilayers were
matching considered an optimum value in our experiments.
gel . . .
= In Fig. 3 the response of the sensor against different con-
centrations of HO» is analyzed. Measures have been taken
Fig. 1. Experimental setup to detect the reflected optical power by the nano 1 Week later than its construction, once the sensor has stabi-
Fabry-Perot cavity. lized its sensitivity. This phenomenon is explained in terms

Photodetector

optical fiber

LED source
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Fig. 3. Reflected optical power for different concentrations gloplat pH 4.
A=5uM,B=10uM, C=20uM, D=50uM, E = 100uM and F = 50QuM. Fig. 5. Reflected optical power for M concentration of HO» at pH 3,
5, 7.and 9. Upper right corner: slope of the change of signal for the four pHs

analyzed.

of lost of the pigment. During the first measures, Prussian

Blue leached from the structure until the amount of Prus- the response is based on the change of signal level. In fact,
sian Blue inside the polymer structure was stabilized. At this in the range between pHs 6.5 and 7.5 the dependence is very
point, the response of the sensor is stable and results can bW, which includes the physiological region.

reproducible. The pH of the solutions is 4 and the concen-

trations analyzed range betweenld and 0.1 mM. Itcanbe  3.4. Sensors with capping bilayers

appreciated that the slope of the change in the reflected opti-

cal power increases, as the concentration gdflis higher. It has been checked that for sensors of the type of previous
This effect is caused by the diffusion 08 in the polymer section, there is a lost of Prussian Blue during the first mea-
structure. As the concentration is higher the diffusion is faster, sures due to the presence of a buffer solution. This effect has
and the slope increases. The slope of the change of signal (sebeen demonstrated [&5] for Methylene Blue. If the sensor
Fig. 4a) presents a linear dependence on the concentration ofs introduced in a solution at a pH where binds between poly-
H»0,. The multiple-correlation coefficier®? is indicated mers and the pigment are broken, Prussian Blue leaves the
and is very close to one. Even a wider range gOp could structure. This leads to a lost of sensitivity.

be detected but the response was not linear. On the other Two strategies against this phenomenon are suggested in
hand, inFig. 4b the response time of the sensor for different [25,26] In both of them, some capping bilayers are added
concentrations of b, presents an exponential shape. at the end of the structure. Following the strategy2%],

To prove the durability of the sensor,fiig. 5Sthe response  [PAH*/PAA~] bilayers at a pHs between 6 and 6.5 are added
of the same sensor 3 months after its construction and afterbecause they present a high ionical cross-link in compar-
many measures at different pHs is analyzed. In this case, theson with lower pHs. In this way, they act as a barrier to
response of the sensor for the same concentration @M.0  avoid the leakage of pigment. The first design consists of
at pHs 3, 5, 7 and 9 is analyzed. It was checked that the 17 bilayers of [PAH + PB/PAA~] at pH 5 and capping bi-
structure desorbs for a pH 11. The conclusion is that there layers of [PAH/PAA~] at pH 6. Three sensors have been
is a dependence of the response on the pH (see upper rightinalyzed inFig. 6 one of them without capping bilayers,
corner ofFig. 5), but not as high as for other sensors where and the other two with two and six bilayers, respectively. If a

1.8 45 -
1.6 - 40
=
1.4 - £ 35 1
q E
£ 1.2 E 30
= 1 = 25 1
c
@ 081 $ 201
(=3 c
0 06 - 8 15
? 04 o
& [: 10 -
0.2 - 5 4
0 T T T T T 1 0 . . T T T 1
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(a) H,0, concentration (micromolar) (b) H;0, concentration (micromolar)

Fig. 4. (a) (Left) slope of the change in the reflected optical power for different concentration®gpfatipH 4. Linear tendency line. (b) (Right) response
time of the change in the reflected optical power for different concentrations®j kt pH 4. Exponential tendency line.
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— 3.0 - A second design consists of including a low pH zone be-
E 25 | tween two high pH zones. In this way, two barriers avoid
5 the loss of pigment. In the first zone 10 bilayers of the type
E 2.0 | [PAH + PB*/PAA~] are deposited at a pH 6.5, in the second
= — without capping zone the same type of bilayers is deposited at a pH 4.5, and
-,‘g‘_ 151 ——2 capping bilayers finally some capping bilayers are deposited with the same
LTy 6 capping bilayers structure as the first zone and pH 4.5. There is a better re-
3 sponse for the sensors where capping bilayers have been
% 0.5 1 added at the end. This effect can be appreciatédign8a—c,
T 00 ; ; : .

0 3 6 9 12 15
time (min) 6 -

Fig. 6. Comparison of the change in the reflected optical power for three
sensors with [PAH + PBIPAA~]17 at pH 5. One of them has no capping
bilayers and the rest two and six of [PAHPAA~] at pH 6, respectively.
Measures have been taken at pH 7 and the concentratiop®f id 10,.M.

10wM concentration is analyzed at pH 7, both sensors with
capping bilayers present a better response. The capping bi-
layers present no Prussian Blue, so the response should be
equal. But, the barrier of [PAHPAA~] bilayers at pH 6 pro-
vokes that Prussian Blue cannot leave the structure as easily.
A second experiment (ségg. 7) where the pH analyzed is
again 7 and the concentration 0§®&, 20 .M, consists of the
same structure with the exception that in the first zone a pH
4.5 has been applied instead of a pH 5, and in the capping
bilayers the pH was 6.5 instead of 6. The aim was to obtain
a higher contrast of ionical strength between the two groups
of bilayers, and in this way a better sensitivity. But, results
obtained are very similar to thoseféify. 6. A small change in

pH is sufficient to guarantee that the capping bilayers act as a
barrier to avoid the leakage of Prussian Blue. This is corrob-
orated in[27], where a fast variation of the ionical strength

without capping
14 —— 1 capping bilayer

Reflected optical power (nW)
w

0o 1 2 3 4 5 6 7 8 9 10 M
time (min)

B

without capping
—— 2 capping bilayers

Reflected optical power (nW)
[A)

at pH 6 is detected for the combination of PAH and PAA. obertv
The other conclusion in this first design is that the number of o 1 2 3 4 5 6 7 8 9 10 1
capping bilayers plays no important role in the improvement (b) time (min)

of the sensitivity of the sensor. This is confirmed in the next

strategy analyzed. 6

—— 3 capping bilayers
without capping

—— without capping
4 2 capping bilayers
—— 3 capping bilayers

Reflected optical power (nW)
w

o 1 2 3 4 5 6 7 8 9 10 11
time (min)

Reflected optical power (nm)

—
(2]
~

o 1 2 3 4 S5 6 7 8 9 1 M Fig. 8. Comparison of the change in the reflected optical power for six
time (min) sensors with [PAH + PBPAA~]jpat pH 6.5 and [PAH + PBPAA~]; at pH
4.5. (a) One ofthem has no capping bilayers and the other one has one capping
Fig. 7. Comparison of the change in the reflected optical power for three bilayers of [PAH + PE/PAA~] at pH 6.5. (b) One of them has no capping
sensors with [PAH + PBPAA~]17 at pH 4.5. One of them has no capping  bilayers and the other one has two capping bilayers of [PAH%P&8A™]
bilayers and the rest two and three of [PAFAA~] at pH 6.5, respectively. at pH 6.5. (c) One of them has no capping bilayers and the other one has
Measures have been taken at pH 7 and the concentratiop@f id 20 .M. three capping bilayers of [PAH + PBPAA~] at pH 6.5.
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= 9 - 4. Conclusions
£ 8+ —— 3 capping bilayers
g 7 - 7;:%:3 ‘;:::;z;: An optical fiber sensor for detection of hydrogen perox-
8 6 6 capping bilayers ide HoO2 based on electrostatic self-assembly (ESA) method
T 5 has been fabricated. The polycation is composed of PAH and
5 4 Prussian Blue, whereas PAA is used for the polyanion. A sim-
g 3 ple reflection scheme with a LED source and a photodetector
22 in the first optical communications window serves for detect-
% 1 ing changes caused by the presence41 The measuring
c ;) , , . ‘ . ' , | technique is based on the slope of the change of signal pro-

duced by a specific concentration of®b. The dependence
time (min) ofthe slope of the reflected optical power change as a function

of the concentration of 0> is linear in the zone analyzed,
Fig. 9. Comparison of the change in the reflected optical power for four \yhereas the response time as a function of the concentra-
sensors with [PAH +PBPAA ]10 at pH 6.5 and [PAH +PBPAA tion shows an exponential tendency. The concentrations with
at pH 4.5. They have respectively 3, 4, 5 and 6 capping bilayers of . .

[PAH + PB*/PAA-] at pH 6.5. a linear response range betweegnN\s a_nd 0.1 mM. A wide
range of pHs is covered: from 3 to 9, with a low pH dependent

where sensors with one, two and three capping bilayers are?®"® Iocated_between pHs 6.5 and 7.5. . .
' Some designs have been proposed to avoid the lost of in-

compared with sensors without capping bilayers that have dicator by adding some capping bilavers. Results show an
been immersed the same time in buffer solutions. The pH A im roven){ent in t%e res onspepofgt]he sgnso.rs if more than one
alyzed is 7, and the concentration of®b is 10uM. If only pro . . P .

. . : . capping bilayer is added to the main structure of the sen-
one bilayer is deposited, the improvement of the response . . ;
. : .~ “sor. Adding more bilayers does not lead to an appreciable
is not so important, whereas for both two and three capping;
bilayers there is an appreciable better response. This eﬂectlmprovement of the response.

y Finally, the sensor has been tested against many interfer-

is logical because with one bilayer Prussian Blue can easily ants showing no cross sensitivity excent for ascorbic acid
escape due to the spread of each individual 1492}. Re- o 9 : y P '
which is actually the reductive agent.

garding the improvement in the overall response of this group
of sensors compared with previous ones, this is obvious be-
cause more bilayers with colorant have been included. It is
remarkable that the i.e. slope of the change of reflected opti-

cal power is different betweefig. 8a—c. The reason is that This work was supported by Spanish Ministerio de Cien-

o srsor s s dir et o, S S e B
 dlifferont mater. P P 9 2003-00909, Gobierno de Navarra and FPU MECD Grant.

. : We thank Miguel Valencia and Leire Zabalza of the Pub-
Finally, the same strategy as thatfag. 8has been used lic University of Navarra, Spain, for their useful comments
in Fig. 9. In this case, sensors with 3, 4, 5 and 6 capping y - Spain, k

. . ! ncouragement, and work.
bilayers have been constructed in order to analyze the infly-ENcouragement, a dwo
ence of the number of capping bilayers in the improvement
of the response of the sensor. The previous assumption thab
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