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Highlights

e A non water-soluble porphyrin has been deposited using LbL nanoassembly
method

e Different polymeric matrices embedding the sensing material have been studied

e Dissimilar properties of the matrices generate sensing coatings of different
features

e Sensors response is determined by the sensing coating morphology
e Sensors show a reproducible behavior and low cross-correlation towards humidity

Abstract

In this work, a comparative study of luminescent optical fiber oxygen sensors
fabricated by means of Layer-by-Layer nanoassembly technique (LbL) has been carried
out. The oxygen-sensitive fluorophore is the same in all the cases, the metalloporphyrin
platinum tetrakis pentafluorophenylporphin (Pt-TFPP), which was deposited using LbL
method by entrapping it into anionic micelles formed with a surfactant. As cationic
counterpart to form the anionic-cationic bilayer, different polyelectrolytes acting as the
polymeric matrices embedding the sensing material have been studied:
poly(diallyldimethylammonium chloride) (PDDA), polyethyleneimine (PEI) and
poly(allylamine hydrochloride) (PAH). Absorbance spectra, contact angle, Atomic Force
Microscope and Scanning Electronic Microscope analysis were performed on the sensing
films. The Kinetics, resolution and sensitivity of the sensors for different number of
bilayers were also determined. It has been found a remarkable difference on these

characteristics depending on the polymer used.

Keywords: luminescence oxygen sensor, Layer-by-layer nanoassembly, optical

fiber, nano morphology, polycations.



1. Introduction

Oxygen plays a critical role in human live, as well as in many biological processes
[1], chemical [2] and biochemical reactions [3]. Thus, its monitoring is of great interest
in different areas, such as biology [4], medicine [5], agriculture [6] or food industry [7],
among others. The commercially available devices employed for oxygen detection are
electrical sensors [8], but in recent years many optical methods have also been developed
[9]. In particular, optical fiber sensors are a good alternative owing to the advantages that
they offer as opposed to the traditional methods, such as immunity to electromagnetic
interferences, light weight and large bandwidth [10]. The transduction of this kind of
sensors is based on monitoring the changes of the light signal when it interacts with
sensing film deposited on the fiber. More specifically, luminescence-based sensors
[11][12] constitute one of the most studied techniques. Their operation principle relies on
the reversible quenching due to the interaction between oxygen and the sensing material,
which is normally a porphyrin whose core is a ruthenium, palladium or platinum atom
[13][14]. The metalloporphyrin utilized in this work belongs to the later group, platinum
tetrakis pentafluorophenylporphine (Pt-TFPP), which exhibits good photostability and

sensing properties [15].

Indicators not only play a key role in sensors’ response: the matrix in which they
are embedded also determines the sensors behavior [16]. Typically, the dip-coating
technique has been widely utilized using sol-gel [13] or polymeric matrices, such as
polystyrene [17], to encapsulate the fluorophores. Among these procedures, Layer-by-
Layer nanoasembly (LbL) is a technique that allows a sensing film to be constructed at a
nanometer scale: moreover, relevant characteristics such as thickness or roughness can

be determined by different construction parameters. Furthermore, this method can be



applied to substrates with different shapes and size, which is significantly important in
the case of optical fiber. However, LbL to date has not been widely adopted as a technique
for the fabrication of luminescent oxygen sensors, but some instances have been reported
[18][19]. What is more, in the case of non water-soluble porphyrins for oxygen detection,
the one employed in this work (Pt-TFPP) is the only exception that has been assembled
by means of LbL by encapsulating the porphyrin into anionic micelles (instead of

employing an anionic polyelectrolyte), as was reported very recently [20].

With the goal of studying the influence of the polymeric matrix embedding the
fluorophore, three different polycations with dissimilar properties (in terms of the
resulting morphology of the fabricated films) have been used for the fabrication of oxygen
sensors: poly(diallyldimethylammonium chloride) (PDDA), polyethyleneimine (PEI) and
poly(allylamine hydrochloride) (PAH). Sensing coatings of distinct thickness in terms of
number of LbL bilayers (10, 20, 30, 40 and 50 respectively) have been built and analyzed
for each polyelectrolyte. The sensitivity and kinetics of resulting sensors were compared
to evaluate the influence of each sensing coating in order to find which one yielded to the
best features, as well as the simplest construction process. To the best of our knowledge,
this is the first time that an experimental study with these characteristics has been reported

in the literature.

2. Materials and methods

2.1. Sensing material

Luminescence measurement is a widespread method for oxygen monitoring [21].
Its operation principle is based on the reversible luminescence quenching of the sensing

material [22] due to its interaction with oxygen [23]. When the luminescent material is



illuminated at a certain wavelength, it exhibits an emission at a higher wavelength, whose

intensity inversely depends on the oxygen concentration [12].

Ruthenium metalloporphyrins are the most commonly employed materials for
oxygen sensing applications based on luminescence [14][22][23]. However, they show
considerable photobleaching ratios when they are exposed to continuous illumination
[24][25]. However, platinum and palladium porphyrins exhibit good photostability and
photobleaching properties [15]. Thus, platinum tetrakis pentafluorophenylporphine, Pt-
TFPP (CAS Number 109781-47-7) has been chosen as the sensing material of this
investigation. Its absorption spectrum shows a maximum peak at a wavelength of 390
nm: when it is illuminated at this wavelength, a luminescent emission centered at 650 nm
is observed [13]. As stated previously, this emission is affected by the oxygen
concentration: more specifically, its lifetime is decreased as the gas concentration
increases, and consequently, its intensity shows a similar behavior. This material was

acquired from Frontier Scientific Inc. and it was used without further purification.

2.2. Entrapping matrices

Entrapping matrices where fluorophores are embedded play an important role in
the sensor behavior of this investigation. Ideally, the entrapping matrix for oxygen
detection should exhibit a high porosity as well as good permeability to oxygen. To date
sol-gel [26][27], xerogel [28][29] and plastic [30][31] matrices have been employed to
attach the sensing material onto different substrates. Although these kind of supports are
easy to prepare, there is no an accurate control over the spacing of the sensing molecules,
and so, there are effects that have to be taken into account such as self-quenching. In this
work, the LbL technique has been applied to fabricate oxygen sensors. More specifically,

the sensing coating was built up by the nano scaled assembly of cationic layers



(constituted by a cationic polyelectrolyte) with anionic ones (formed by the anionic
micelles): each pair composed a bilayer, which is the parameter used to characterize the
growing of the nano coating. This deposition technique has allowed the fabrication of
layers of different morphology, so that its influence in terms of thickness and roughness
on the behavior of the sensors has been studied. These parameters are defined by the
morphology of the polymer chains of the cationic layers. In the case of LbL method, it is
affected strongly by the ionization degree of the polymer (cationic in this case): if it is
high, then the layer tends to be flat and thin due to the electrostatic repulsion of the
cationic functional groups of the polymer; on the contrary, a low ionization degree yields
curled up polymer chains as a consequence of the reduced presence of ionized cationic
functional groups [32]. There are two types of polymers depending on whether their
ionization degree can be modified or not: weak and strong polymers. For the first case,
the ionization degree can be adjusted by the pH of the solution where the polymer is
dissolved: in the case of cationic polymers, high pH yields a low ionization degree and
low pH to a high one; Conversely, the ionization degree of strong polymers is hardly

adjustable [33].

Three polymers whose ionization degree shows a different behavior for the pH of
the solution have been chosen for fabricating the sensors of this investigation:
poly(allylamine hydrochloride) (PAH, Muw ~58000 g-mol™),
poly(diallyldimethylammonium chloride) (PDDA, My ~100000 — 200000 g-mol*, 20%
aqueous solution) and polyethyleneimine (PEI, Mw ~ 750000, branched, 50% w/v
aqueous solution); all of them were acquired from Sigma Aldrich and were employed

without further purification.

The first polymer under study, PAH, is widely used in the LbL construction

method; moreover, it has already been used for the fabrication of oxygen sensors by



means of LbL [20]. It is a weak polyelectrolyte that produces hydro-gel structures; it is
barely ionized at pH 10, forming thick layers (around 5nm when the pH is set at 9) [34].
In the case of branched PEI, it is also a weak polyelectrolyte whose natural pH is 10 [35]
which means that the ionization degree is very low at that pH value. Under this condition,
it is almost a neutral polyelectrolyte that gets adsorbed strongly as a thin layer on silica
surfaces [36] and promotes the adsorption of Sodium Dodecyl Sulfate [37]. Unlike the
previous ones, PDDA is a strong polyelectrolyte, so that the layers built up with it are in

principle the thinnest ones [38].

In spite of being a water-insoluble porphyrin, Pt-TFPP has been deposited using
LbL method by entrapping it into anionic micelles formed with a surfactant [20]. Micelles
slow down the aggregation (and precipitation) of the porphyrin molecules in the final
water suspension; they also show a negative superficial electrical charge, so that they can
be used with LbL method to assemble bilayers. The surfactant that has been employed
was Sodium Dodecyl Sulfate (SDS), acquired from Sigma Aldrich; it was used as

received.

When studying the different matrices, not only polycations have been analyzed,
but also the number of bilayers during the construction process. Thus, with each

polyelectrolyte, sensors of 10, 20, 30 40 and 50 bilayers have been characterized.

2.3. Sensors construction process

Sensors have been fabricated onto the tip of a 1000 um-core plastic cladding silica
fiber by means of Layer-by-Layer technique, which in a first approach consisting of the
deposition of oppositely charged polyelectrolytes by electrostatic forces. In all cases the

same anionic reagent, Pt-TFPP was entrapped in the micelles formed by the anionic



surfactant (SDS). The suspension of the micelles was prepared in following manner:
firstly, 0.04 mg of Pt-TFPP were dissolved in 1 mL of acetone due to the highly apolar
nature of the metalloporphyrin. This mixture was stirred for 5 minutes to ensure the
reagent completely dissolved. Thereafter, it was added to 9 mL of 10 mM SDS aqueous
solution. In this way, Pt-TFPP molecules were entrapped by SDS, forming anionic
micelles. Further details about the incorporation of Pt-TFPP into micelles are given in
[39]. Finally, the mixture was sonicated for 30 minutes and stirred overnight to ensure

that any acetone had evaporated.

In the case of polycations, PAH solution had a 10 mM concentration, whereas PEI
and PDDA solutions had a concentration of 1 mg/mL. PAH and PDDA solutions were
adjusted to pH 10, and PEI solution to pH 10.5, in order to achieve a low ionization
degree, preserving the integrity of the micelles as well as ensuring the growth of the

nanocoating [40].

For the deposition of these materials, the optical fiber was immersed for 2 minutes
into the cationic solutions and for 4 minutes into the anionic one. Although these
immersion times were not optimized, it had been previously demonstrated that they
allowed the cationic polyelectrolytes and the Pt-TFPP to be deposited onto the optical
fiber [20]. After each immersion, the fiber was washed for 1 minute in ultrapure water to
remove the non-properly assembled molecules. This process was repeated cyclically for
10, 20, 30, 40 or 50 times in order to get sensors with those numbers of bilayers. As it
will be explained later, despite sensors of 10, 20, 30, 40 and 50 bilayers were fabricated,

only those made of 10 bilayers are analyzed in detail in this paper.

It was observed that thermal curing was not critical to finishing the construction

process: after comparing the behavior of a non-cured sensor and a sensor that was cured



at 70 °C for 60 minutes in a N2 atmosphere, it was checked that both of them showed
similar features (sensitivity and response and recovery times). Thus, in order to maintain
the construction process as simple as possible, each sensor was stored in the absence of

light, at room conditions, during one night.

2.4. Sensors characterization

Due to the transduction principle of the sensing material, oxygen concentration
can be measured by luminescence quenching according to the two-sites Stern-Volmer

model [41]:

Iy _ fi f> -
1" <1 T Ksy1 1051 T 1T+ Koz - [02]> )

where lo is the intensity of the luminescent emission in absence of oxygen and | the
intensity registered at a certain oxygen concentration [O2]. This model assumes that the
fluorophores are heterogeneously distributed into the sensing matrix [42] and thus, both
fractions of the population (f; and f2; f» = 1 — f1) are not equally affected by oxygen. A
different Stern-VVolmer quenching constant corresponds to each fraction: Ksy,1 and Ksy,2,
respectively. A particular case of this model is that in which all fluorophores have the
same quenching constant. Then, f is equal to 0 and the Stern-Volmer equation reduces

to (2) and follows a linear tendency:

I
—=1+Ky[0)] (2
For each sensor, the values of the constants of the theoretical model (f1, f2, Ksv.1

and Ksv,2) have been calculated from the measured intensities at 0%, 10%, 40% and 100%

oxygen concentrations.



It must be noted that, when illuminating the optical fiber at the UV range, the fiber
itself shows an intrinsic luminescence between 500 and 700 nm. Taking into account that
the employed porphyrin is illuminated at 390 nm and its luminescent peak is centered at
650 nm, the fiber luminescence had to be mathematically subtracted from the recorded
spectra in order to allow the intensity of the fluorescent emission to be measured, which

corresponds to the sensitivity of the sensor towards oxygen.

As explained previosuly, distinct cationic polyelectrolytes have been employed
for the fabrication of the sensors. Moreover, for each polycation, sensors of different
number of bilayers have been studied. Thus, two different analysis have been carried out:
the first one consists of analyzing the calibration curves of sensors of the same polycation
but different number of bilayers, and the second one studies the calibration curves of
sensors of the same number of bilayers but different polycations. To obtain the calibration
curves, sensors were exposed to a range of different oxygen concentrations: 0% - 5% -

10% - 15% - 20% - 40% - 60% - 80% - 100%.

3. Experimental set up

The sensors were built onto 1000 um-core plastic-clad silica fiber (PCS, acquired
from Thorlabs) using a reflection architecture. Each sensor was connected to a 600 pum-
core bifurcated fiber (QBIF600-UV-VIS from Ocean Optics), so that a USB2000FLG
spectrometer (from Ocean Optics) and a 390 nm LED were connected to each one of its
branches. The core diameters ensured an optimal signal coupling [20]. The different
luminescence signals were recorded by Spectra Suite application from Ocean Optics. This
software also allowed us the possibility of eliminating the noise contribution before data

acquisition.



Once the sensors were built, they were exposed to a constant gas-flow of 250
mL/min by EL-Mass Flow Meters acquired from Bronkhorst, whose oxygen and nitrogen
concentrations were adjusted using a LabView® virtual instrument. Due to the high purity
of the gas bottles (higher than 99.998% and 99.95% in the cases of nitrogen and oxygen,
respectively), the monitored gas concentrations were very accurate. The gas-flow was
conducted through an opaque tube to the sensor, hence avoiding external gases and light

influence (Figure 1).

4. Results and discussion

4.1. Sensing layer characterization

Due to their different properties, three different polycations were chosen to
fabricate the sensors, yielding the following structures: [PDDA/(SDS+Pt-TFPP)]n
(Structure A), [PEI/(SDS+Pt-TFPP)]n (Structure B) and [PAH/(SDS+Pt-TFPP)]n
(Structure C), where N = 10, 20, 30, 40, 50 is the number of deposited bilayers. It is
required for a porosity (or roughness) as high as possible to ensure the efficient
adsorption/desorption of oxygen; furthermore, a high thickness (on a nanometric scale)
means that the sensing material layers are sufficiently spaced to minimize potential self-
quenching. Absorption spectra of the different structures were measured with Jasco V-
630 Spectrophotometer in order to check the proper deposition of Pt-TFPP. The affinity
to water molecules was studied by recording the contact angle of water drops onto
substrates onto which the different structures were built up. The morphology of the
different resulting constructions was analyzed using an Atomic Force Microscope (AFM)
from Veeco Innova (model 840-012-711) and a Scanning Electronic Microscope (SEM)

images (model Ultra-Plus from Carl-Zeiss). One of the advantages of the LbL technique



is that it is applicable to substrates with different shapes: therefore, the sensing material
was deposited onto glass slides in a similar way to the optical fiber in order to measure
contact angles and to obtain AFM images that determined the thickness and roughness of
the different depositions. The results obtained were compared with the images recorded

from the optical fiber sensors using the SEM.

First of all, absorption spectra after the deposition of certain number of bilayers
were characterized to ensure the assembly of the sensing material. Spectra were recorded
when 2, 6, 10 and 20 bilayers were deposited. Figures 2.A and 2.B show absorbance
spectra of the structures (PDDA/SDS+Pt)n and (PEI/SDS+Pt)n, respectively, with N =
2,6,10,20, and those of the structure (PAH/SDS+Pt)n are displayed separately in Figure
2.C(N=2,6)and 2.D (N =10, 20) to clarify information. All the structures exhibited the
main absorbance peak around 390 nm, what demonstrated the assembly of Pt-TFPP [13]
in the three cases. Moreover, a higher number of deposited bilayers implied a higher
absorbance, what also verified that materials were assembled at each deposition step. It
was observed that for the same number of deposited bilayers, absorbance intensity varied
depending on the cationic polyelectrolyte: for instance, in the case of 10 bilayers,
absorbance (measured in arbitrary units) at 390 nm was 0.022 for PDDA, 0.025 for PEI,
and 0.76 for PAH, which was a consequence of the different thicknesses of the structures,

as will be shown below.

Another procedure to verify the appropriate assembly of the sensing material onto
the glass slides was the characterization of the contact angle after each deposition step.
Initially, glass-slides were cleaned up with soap and potassium hydroxide (KOH) for 10
minutes, and then they were rinsed in ultrapure water. After this process, they exhibited
a contact angle around 25°. Once the first polycationic layer was deposited, this value

changed as it can be observed in Figure 3: in the case of Structure A (PDDA) it decreased



to 150, in that of Structure C (PAH) it remained constant, and in that of Structure B (PEI)
it increased up to 400. The increase of the contact angle after the first immersion into the
sensing material suspension was remarkable due to the hydrophobic nature of Pt-TFPP,
which turned the behavior of the layer from hydrophilic to hydrophobic. This result
confirmed that the porphyrin was assembled into the structure, and although the contact
angle was lowered by the effect of the negatively charged micelles, it was still above 90°.
From this point, after every immersion into each polycationic solution the contact angle
was reduced and its value was increased again when the substrate was released from the
suspension. This cyclical variation confirmed that the different layers were being properly
assembled. After 10 bilayers were deposited, the constructions based on PEI and PAH
produced a similar contact angle around 104°; in the case of PDDA, this value was 78°.
A hydrophobic behavior is acknowledged to produce a better gas permeability, as well as
a low cross-sensitivity to humidity [43]: in this manner the sensors prepared with PAH or

PEI should exhibit a better sensitivity and a lower cross-sensitivity to relative humidity.

Thereafter, glass slides of 10 bilayers of each structure were analyzed using AFM
images to determine the roughness (expressed in RMS nm) and thickness (measured in
nm) in each case: the roughness was obtained by image analysis of 3 different areas of
each slide, whereas for the thickness each deposition was scratched to get the thickness
by three different image profiles. The values obtained are summarized in Table 1. The
polymer that produced the highest roughness was PAH, with a value of 21 nm RMS; this
polymer also produced the thickest deposition, being close to 180 nm. PEI exhibited
higher values than PDDA, although for both parameters, the difference between PAH and
both, PEI and PDDA, is significant. At pH 10, PAH had the lowest ionization degree,
which was supposed to produce the structure with the highest roughness and thickness,

as has been confirmed by the AFM analysis. In the case of PEI, it was very weakly



ionized, which matched with the fact that its thickness and roughness were higher than
the ones from PDDA, but lower if compared with the ones obtained with PAH. In the
case of PDDA, its high ionization degree is not affected by the pH of the solution in which
it is dissolved: as a consequence, it produced thin nanolayers that yield the lowest

roughness and thickness.

Finally, the construction processes were repeated using optical fiber ends as
substrates to check the morphology of the depositions in the manner that they were going
to be used as sensors. SEM images were obtained from each fiber end, and they are
displayed in Figures 4.A (Structure A), 4.B (Structure B) and 4.C (Structure C): it is
remarkable that all the depositions show a high uniformity along the fiber end, which
highlights the suitability of the LbL method for small area substrates (0.785 mm?). The
images confirmed qualitatively that the nanostructure that showed the highest roughness
was the one prepared with PAH, followed by the one fabricated with PEI, whereas the
image recorded from PDDA looked the most compact one, which matches with the results
observed at the AFM analysis. From this previous study, it can be inferred that two
different parameters may determine the sensors behavior: the contact angle (determined
by the affinity to water) of the matrix or its roughness and thickness (which are defined

by the coating morphology).

4.2. Comparison between the sensitivities and Kkinetics for each

embedding matrix

In order to characterize the sensors, they were exposed to different oxygen
concentrations from 0% to 100%, and their spectra were recorded with Spectra Suite
software. In all cases, the luminescent peak of the spectra was referenced to the LED

falling tail (averaged intensity value between 395 and 400 nm) in order to compensate



signal fluctuations that could affect the characterization of the sensors [20]. For
calibrating each device, the ratio between the intensity of the luminescent peak at a certain
oxygen concentration and the one recorded for 0% was calculated, obtaining a curve that
follows the Stern-Volmer representation (Figure 5). These measurements allowed the
sensors to be compared in terms of measurable oxygen concentration range, sensitivity,

resolution and kinetcis.

Sensors of different number of bilayers (10, 20, 30, 40 and 50) but the same
cationic polyelectrolyte were compared in order to analyze how this parameter affected
the behavior of the sensors. Then, it was verified that for the same polycation, a higher
number of bilayers did not imply a better sensitivity or a faster response to oxygen:
actually, the sensitivity observed for the different number of bilayers was in the same
range. Therefore, for the sake of simplicity of the construction process, sensors of 10
bilayers but with different cationic materials (PDDA (Sensor A), PEI (Sensor B) and PAH

(Sensor C)) were compared in detail.

Photobleaching is a phenomenon that affects luminescence-based sensors.
Because of this, after the fabrication of each sensor, it was exposed continuously to the
interrogating LED for a certain time (90 minutes were enough) in a 0% oxygen flow to
define the mathematical approach of this effect. All the subsequent measured intensities
were relative to the initial one: in every case, it was seen that the photobleaching decay
followed exponential trends but with a different time constant values: the corresponding
mathematical expressions are shown in Table 2. Although the decays showed different
Kinetics, they could be mathematically compensated for in real time, so that the

photobleaching effect was removed.



After exposing the sensors to different oxygen concentrations, their calibration
curves were obtained and adjusted by the previously explained theoretical models (see
Table 3). The calibration curves are displayed in Figure 5: the points correspond to the
experimental data and the curves represent the theoretical models. The ratio between the
intensity recorded with 0% and 100% oxygen concentration (lo/li00) was used as an
indirect parameter to compare sensitivity of the sensors. In the case of sensor C, the lo/l100
ratio was 154.35, which was up to 25 times higher than that of Sensor A, fabricated with
PDDA (lo/l100 = 6.3), which exhibited the lowest sensitivity. The ratio registered from
Sensor B was 22.54, setting it between the previous values. The different sensitivities
could be explained by the properties of the matrices: despite the fact that the resulting
films of Sensors A and B (PDDA and PEI, respectively) showed similar morphological
properties (thickness and roughness), their behavior towards water was different: PEI was
more hydrophobic than PDDA. This means that PDDA (Sensor A) was less permeable to

gases than PEI (Sensor B) and, in consequence, is expected to be less sensitive to oxygen.

Regarding to the maximum oxygen concentrations that the devices could handle,
both Sensor B and Sensor C were able to operate between 0% and 100%, whereas the
highest concentration measurable by Sensor A was 60%. These results are a consequence
of the quenching phenomenon for each sensor: in the case of the sensors prepared with
PEI (B) and PAH (C), the intensity peak was quenched (and therefore lowered) along the
whole measuring range; on the contrary, for Sensor A, the intensity peak reached its
minimum for a 60% concentration, and it was unaltered for higher values. As a result,
Sensor A was not able to distinguish concentrations between 60 and 100%, so that its

calibration curve was flat above this value.

Calibration curves also provided information about the distribution of the

fluorophore into the sensing matrix: Sensor C was characterized by a linear response,



which indicated that the luminophore was homogeneously distributed into the matrix; On
the contrary, Sensors A and B followed different two-sites Stern-Volmer models, which
exhibited dissimilar properties. In the case of Sensor B, nearly all fluorophores (98.6%)
were quenched by the quenching constant Ksv,1 = 0.42, and only 1.4% was affected by
the quenching rate Ksv,2 = 0.003. Regarding to Sensor A, while 83.3% of fluorophore
was quenched by the constant Ksv,1 = 0.449, around 16.7% was unquenched by Ksy,» =
0.002. This value of the quenching constant indicates that 16.7% of fluorophore was
hardly affected by oxygen, and also matches with the truncated working range of this
sensor: above 60% of oxygen concentration, luminescent intensity doesn’t decrease as
oxygen concentration increases, so that the sensor is not able to follow O, concentration

changes between 60% and 100%.

The resolution was evaluated by finding the lowest oxygen concentration variation
that produced a detectable intensity change for each sensor. The experiment was carried
out with oxygen concentrations between 0% and 5%. The recorded spectra (expressed in
relative intensity) are shown in Figures 6.A, 6.B and 6.C and resulting resolutions are
summarized in Table 4, as well as the oxygen concentration working range. It is
confirmed that Sensor A exhibited the lowest (relative) intensity level as well as being
the most noisy signal: moreover, a 0.5% concentration change is required to observe a
signal change; Sensor B requires a concentration variation of 0.25%, which is also related
to the fact that its (relative) intensity level is higher than the one of Sensor A; finally, only
a 0.1% concentration change is required to produce a measurable variation in the signal

of Sensor A due to the fact that it has the least noisy signal among the 3 sensors.

Since C was more oxygen sensitive than B, and B was more sensitive than A,
these results did not seem linked to the contact angle (hydrophilicity) of the films because

C and B had similar contact angles. The hypothesis of the authors is that the roughness of



the films is a key parameter because it is correlated with sensitivity in these experiments:

C was rougher than B and B was rougher than A.

Response and recovery times are also critical parameters for oxygen sensors. The
first one was calculated as the time needed for the intensity to change from the 10% to
the 90% of the total variation range, and the second was the time it took for the sensor
signal changing from the 90% to the 10% of the variation range. To obtain these
parameters, each sensor was exposed to the highest concentration change (from 0% to
100%) three times: this value was maintained until the response reached a stationary stage
after every oxygen variation. In this manner, not only the kinetics of the sensors was
analyzed but also the repeatability of their responses. The signals from each sensor are
shown in Figure 7.A, whereas a detailed falling edge is displayed in Figure 7.B. The
values obtained appear in Table 5. Response times from all the sensors were found to be
similar, being between 3.6 and 6 seconds. However, it took less time for Sensor C to
recover the baseline (12 seconds) than for Sensors A and B (20.4 and 30 seconds,
respectively), as it can be seen in the detail of Figure 7.B, where these differences are
clearly observable. This fact could be a consequence of the morphology of the sensing
coatings [44]: the rougher, the faster they recover the maximum intensity in absence of
oxygen. Regarding the repeatability of the sensors, the signal change is similar for every

measuring cycle, so that all the response of sensors can be assumed to be repeatable.

There are other relevant parameters that were also studied. As oxygen is present
in the atmosphere, the behavior of the sensor in the presence of changing environmental
variables such as relative humidity and temperature was characterized: a suitable oxygen
sensor should show low cross-sensitivity to variations of these parameters. As Sensor C
offered the best features, it was exposed to different relative humidity conditions: to

achieve that, it was placed inside a climatic chamber and the humidity conditions varied



from 20% to 80% cyclically three times (temperature was kept constant at 25 °C). The
intensity of the sensor signal varied a maximum of 8% due to these changes. When
maintaining relative humidity at a constant value of 35% and increasing temperature from
15 °C to 45 °C in steps of 5 °C, relative intensity decreased a 2.7% per degree Celsius,

due to the dependence of luminescent intensity of Pt-TFPP on temperature [45] [46].

Sensor’s cross-sensitivity to other species was also analyzed, in particular, to
volatile organic compounds (VOCs) such as acetone and methanol: when exposing the

sensor to saturated atmospheres of both VOCs, very low change (< 2 %) was detected.

The aging effect was studied because it should affect sensitivity in the least
possible ammount. For the analysis of aging, three sensors were fabricated in the same
manner as Sensor C, and characterized at different moments: one day, two weeks and four
weeks after their fabrication. Their calibration curves followed a linear tendency and their
sensitivities were similar. Higher differences in relative intensity were observed at higher
oxygen concentrations, which could be attributed to the low luminescent signals, the noise
contribution and the inner insertion losses produced by connectors. In Figure 8 it can be
observed the evolution of the ratios lo/l20, lo/lso and lo/l100 along the time: in the first two
weeks the values of this ratios decrease around a 10% and, from day 14 to day 30,
decreases are lower than 3.5%. This test also demonstrated the reproducibility of the

fabrication process and that sensors behavior is preserved over the time.

Finally, Sensor C was compared with other previously reported oxygen sensors in
terms of sensitivity: it was similar to that of other sensors based on sol-gel matrices
[47][48][49] and considerably better (up to 10 and 25 times) than those, in which the Pt-
TFPP was embedded into polymeric matrices [50][51]. Compared to the previously

reported sensor based on PAH, and also fabricated my means of the LbL technique [20],



Sensor C exhibits 75 times higher sensitivity due to the more suitable relationship

between the ratios of the fiber sensor core and the bifurcated fiber core.

5. Conclusions

Three different polycations have been used to build nano coatings onto an optical
fiber to fabricate oxygen sensors. In the case of PDDA, the resulting nano coating is the
thinnest one, showing the lower roughness; the deposition prepared with PAH is the
thickest and exhibits the highest roughness. These different morphologies yield distinct
sensing features: Sensor C, prepared with PAH, shows the highest sensitivity and the best
kinetics. In light of the results obtained, there is a correlation between the sensitivity of
the sensor and the roughness of the matrix that entraps the sensing material. The behavior
of the three sensors fit the Stern-Volmer models: in the case of Sensor A and B the
response is not linear because not all the sensing molecules get quenched, whereas Sensor
C follows a linear trending. Sensor C shows a low cross-sensitivity to relative humidity
changes and, furthermore, sensors prepared in this way show a reproducible behavior and
their response is unaltered at least one month after their fabrication. This study highlights
the applicability and versatility of LbL nano assembly: depending on the sensing material
and final requirements, construction parameters such as the polycation and its ionization

degree can be adjusted to obtain the best sensing features.
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Figure Captions

Figure 1. Experimental set-up used to characterize the sensors. Optical fibers are drawn

in blue whereas gas tubes are in green.

Figure 2. Absorption spectra of the different structures after the deposition of certain
number of bilayers: (A) (PDDA/SDS+Pt)n, (B) (PEI/SDS+Pt)n, (C) and (D)

(PAH/SDS+Pt)n, with N = 2, 6, 10, 20 bilayers.

Figure 3. Registered contact angles of the different sensing structures along the

deposition of 10 bilayers.

Figure 4. SEM images from the sensing films deposited on the cleaved ended optical
fibers for (A) Sensor A, (B) Sensor B and (C) Sensor C. In each case, a global image for

the sensor head is displayed; a detailed capture is also shown for every sensor.

Figure 5. Calibration curves of Sensors A, B and C. In order to make easier the
comparison between the curves shapes, calibration curves of Sensors A and B are adjusted

on the left axis, whereas that of Sensor C is adjusted on the right axis.

Figure 6. Intensity emission spectra from (A) Sensor A, (B) Sensor B and (C) Sensor C.
In every case, the spectrum is relative to the averaged intensity of the falling tail of the
LED to minimize artifacts. The different spectra for each sensor correspond to distinct

oxygen concentrations.

Figure 7. (A) Response of the Sensors to dynamic variations of oxygen concentrations
from 0% to 100% repeteadly. (B) Detailed image of the falling edge of each sensor, where

the difference in the recovery times can be observed.
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Figure 8. Evolution of the ratios lo/I20, lo/lso and lo/l100 Over a month. Decreases after two

weeks are expressed in %.
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Figure 1
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Table Captions

Table 1. Thickness and roughness of the different structures measured from the AFM

images.
Structure Thickness (nm) Roughness (nm)
A - [PDDA/(SDS+Pt-TFPP)]10 15.1 6.63
B - [PEI/(SDS+Pt-TFPP)]10 36.54 9.5
C - [PAH/(SDS+Pt-TFPP)]10 179.93 21.03

Table 1




Table 2. Photobleaching mathematical approaches of each one of the sensors. The

variable time (t) is measured in seconds.

Photobleaching (Relative
Sensor . .
intensity)
316.8
A - [PDDA/(SDS+Pt-TFPP)]10 1 —015e ¢t
486
B - [PEI/(SDS+Pt-TFPP)]10 1 —0.18e ¢t
986.4
C - [PAH/(SDS+Pt-TFPP)]10 1 —0.18e ¢t

Table 2



Table 3. Mathematical models for the calibration curves of the sensors. [O2] is the oxygen

concentration expressed in %.

Stern-VVolmer Constants
Sensor Mathematical Model R?
f1 k1 f k2
Iy
A - 0.833
[PDDA/(SDS+Pt- 0.833 | 0.449 | 0.167 | 0.002 = (1 + 0.449 - [0,] 0.938
TFPP)Lo N 0.167 >‘1
1+ 0.002 - [0,]
Iy
I
B - [PEI/(SDS+Pt- - _ ( 0.986
TFPP)]1o 0.986 | 0.420 | 0.014 0.003 1+ 0.420 - [0,] 0.989
0.014 1
+ )
1—0.003 - [0,]
C - [PAH/(SDS+Pt- Iy
PP 1 1580 | 0 0 —=1+158:[0,] 0.993

Table 3



Table 4. Range of distinguishable oxygen concentrations and resolution of each sensor.

Sensor

O, Detectable Concentrations

Resolution [O3]

A - [PDDA/(SDS+Pt-TFPP)]10 0% - 10% 0.5%
B - [PEI/(SDS+Pt-TFPP)]10 0% - 15% 0.25%
C - [PAH/(SDS+Pt-TFPP)]10 0% - 100% 0.1%

Table 4




Table 5. Response and recovery times of each sensor

Sensor

Response time (s)

Recovery time (s)

A - [PDDA/(SDS+Pt-TFPP)]10 6 20.4
B - [PEI/(SDS+Pt-TFPP)]10 3.6 30
C - [PAH/(SDS+Pt-TFPP)]10 4.2 12

Table 5




