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Abstract

This paper presents a portable instrument designed and characterized for the determination
of gaseous oxygen. It is based on quenching the luminescence intensity of the platinum
octaethylporphyrin complex when it is excited, using a light-emitting diode (LED) with an
emission peak at 380 nm. The luminescence emitted by the platinum complex is detected
by taking an image with a colour CCD micro-camera integrated in the prototype which
makes it possible to do a two-dimensional analysis of the luminescence. This image is
processed by a microcontroller to obtain the red colour component of the RGB colour
space, thus discarding any unnecessary colour information. The processing is carried out
for the pixels over a large area of the sensing membrane, which allows for a statistical
treatment of the obtained data. The measured R value for the membrane can be directly
related to the concentration of the surrounding oxygen. The resulting instrument has been
fully characterized and calibrated, including drifts due to temperature and time. In addition,
an application for Android camera devices such as smartphones was developed in order to
use them as detectors and image processors to provide a prediction of the gaseous oxygen

concentration.
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1. Introduction

Oxygen sensing is highly demanded in many different areas where it plays an important
role, ranging from environmental to life sciences and food packaging technology. Although
electrochemical sensors for oxygen are broadly used for many applications, they suffer
from some drawbacks [1], which justifies the growing interest in optical oxygen sensors.
These sensors are based on materials that change their optical properties in the presence of
either gaseous or dissolved oxygen. The most common optical properties monitorized for
oxygen sensing are absorption and luminescence.

Absorption-based sensors can use the change in colour, observed by eye, to offer
qualitative or semiquantitative information or the change in absorbance or reflectance to
obtain fully quantitative information by means an external detection unit [2]. The
chemistries used for absorption-based sensors [3] rely on: i) oxygen carriers such as
oxyhemoglobin [4], myoglobin [5] or bis(histidinato) cobalt(ll) [6] with different
drawbacks like instability or irreversibility [7]; ii) redox systems, which typically are
accompanied by problems of expense and stability and incorporate a dye, which can exist
in both leuco and coloured form, along with a reducer such as a reducing sugar, some
examples being methylene blue and glucose [7, 8] or 2,6-dichloroindophenol and fructose
[9]; and iii) light-driven redox reactions in which a photoexcited dye, like riboflavin, is
reduced by a sacrificial electron donor, like EDTA [3]. It has attractive advantages, even
though it can be activated by visible radiation.

Luminescence-based sensors use the quenching by molecular oxygen of the emission from
a luminophore immobilized in a permeable matrix, allowing for a more accurate
measurement than the earlier absorption-based sensors and with tuneable oxygen
sensitivity. However, they require instrumentation for measurement using either steady-
state emission intensity or time-resolved emission lifetimes [3, 10].

A new strategy for oxygen that has received much attention in recent years is
luminescence-based colorimetric sensing, in which the change in colour characteristics
concomitant to luminescence quenching is used as the analytical property, thus combining
the advantages of both luminescence and absorption-based devices [1].

Different examples of this type of sensor exist in the literature for diverse uses. The

simplest is visual colour inspection, useful for applications like intelligent packaging. A
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film containing the platinum octaethylporphyrin (PtOEP) complex and TiO, or ZnO as a
scattering agent in ethyl cellulose shows a red—yellow—green change in colour when the O,
concentration increases [11]. The inclusion of two luminophores (PtOEP and Pt 1,3,5-tri-
(2-pyridyl)benzene complex) with different oxygen sensitivities and emission colours in the
film makes detection possible across a broad range of concentrations [12]. In this respect,
the paper by Evans and Douglas [2] that theoretically studies the colour space response
(CIE x, y coordinates) of colorimetric luminescent films in order to model the change in
colour is interesting.

Imaging devices, such as digital CCD and CMOS cameras, along with luminescent films
can be used for the two-dimensional analysis of oxygen distribution which is of great
interest in fields like biological and medical research.

In this respect, a colour CCD camera (RGB coordinates) has been used for luminescence
intensity imaging to obtain 2-D mapping of oxygen in biological applications using both
commercial O, sensor patches and lab-made photopatterned hydrogel sensor arrays based
on ruthenium complexes [13,14]. A similar proposal based on PDMS films containing the
platinum(I1)-5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)porphyrin (Pt-TPFPP)
complex affords 2-D mapping using only the R coordinate [15].

A further simplification comes from the use of conventional digital cameras to acquire the
image of the sensing film. Here, the 2-D distribution of analytes such as O, in aquatic
systems and sediments is performed using films containing Pt-TPFPP [16] or PtOEP
combined with an antenna dye that acts as an energy donor, increasing the brightness of the
day [17]. The ratio of some RGB coordinates is used for calibration purposes. The
simultaneous imaging of two parameters, pH (fluorescein isothiocyanate) and O, (Pt-
TPTPP), can be achieved by means of a hydrogel film containing, all as microparticles, also
containg a third fluorophore (diphenylanthracene), used as a reference. The three
luminophores were selected to match each of the three colour channels of the camera, thus
simplifying the procedure, using the RGB coordinate ratio as a selective analytical
parameter [18].

Recently, digital cameras integrated in portable devices such as tablets and smartphones
have been applied as image detectors because the built-in microprocessors can be

programmed to carry out the image processing necessary to determine the analyte



concentration [19, 20]. Moreover, applications for open systems such as Android can be

easily programmed and implemented in many smart devices.

In previous works, the authors presented portable instrumentation for the determination of
gaseous oxygen based on the quenching of luminophore PtOEP [21-23]. In this work we
use CCD micro-cameras, both external and included in a smartphone, to evaluate the
possibilities for oxygen sensing, and in general for chemical sensing, with highly

distributed and available imaging devices.

The sensing module of the prototype consists of a LED that emits in the UV with an
emission peak at 380 nm and a colour CCD micro-camera to obtain an image of the sensing
film. This image is processed by the integrated microcontroller to obtain the R coordinate
of the RGB colour space that matches the PtOEP emission related to O, concentration.
Following the same procedure for oxygen determination, an application for Android
devices was developed and implemented in a smartphone camera. It allows the user to get a
photograph of the sensing luminophore under excitation conditions and process the image

in order to predict the gaseous oxygen concentration.

2. Experimental

2.1. Reagents and materials

The chemicals used were platinum octaethylporphyrin complex (PtOEP, Porphyrin
Products Inc., Logan, UT, USA), 14-diazabicyclo[2.2.2] octane (DABCO; 98%),
tetrahydrofuran (THF) and polystyrene (PS, average MW 280,000, Tg: 100 °C, GPC
grade), all three supplied by Sigma—Aldrich Quimica S.A. (Madrid, Spain). The O, and N,
(>99%) gases were supplied in gas cylinders by Air Liquid S.A. (Madrid, Spain).

2.2. Instruments and software

For the electrical characterization of the prototype, the following instrumentation was used:
a mixed signal oscilloscope (MSO4101, Tektronix, USA), a 6% digit multimeter (34410A,



Agilent Technologies, USA), a 15 MHz waveform generator (33120A, Agilent
Technologies, USA) and a DC power supply (E3630A, Agilent Technologies, USA). A
user interface made in Visual Basic© was used in a computer for calibration purposes. All
chemicals were weighed using a DV215CD scale (Ohaus Co., Pine Brook, NJ, USA) with a
precision of £0.01 mg.

The standard mixtures for instrument calibration and characterization were prepared using
N as the inert gas by controlling the flow rates of the different high purity gases O, and N,
which entered a mixing chamber using a computer-controlled mass flow controller (Air
Liquid Espafa S.A., Madrid, Spain) operating at a total pressure of 760 Torr and a flow rate

of 500 cm®-min™.

2.3. Membrane preparation

The sensing channel was prepared by casting the oxygen sensitive membrane on a quartz
crystal (44 mm x 12.5 mm x 1.25 mm) using a spin-coating technique under ambient
atmospheric conditions. The cocktail for preparing the oxygen-sensitive membrane was
made by dissolving 0.5 mg of PtOEP and 12 mg of DABCO in 1 mL of a solution of 5%
(w/v) PS in freshly distilled THF. The sensitive membrane was cast by placing a volume of
15 uL of the cocktail on a quartz crystal. After depositing the sensing membranes, the
quartz crystals containing them were left to dry in darkness in a THF atmosphere for 1 h.
The obtained membranes were homogeneous, transparent and pink. The sensing
membranes containing PtOEP in PS need to be cured in darkness for 9 days before their use
[24]. When they are not in use they must be kept in the dark to extend their lifetime.

2.4. Description of the instrument

The portable instrument presented here determines the concentration of gaseous O, by
measuring the intensity of the emission generated in the membrane which is quenched by
the O,. This intensity is quantified using the R coordinate of the RGB colour space

obtained from image-processing the previously described sensing membrane.



The image processing is carried out using a PIC18F2550 microcontroller (Microchip
Technology Inc., USA). This low-cost model was selected because it includes a USB

module to allow communication with a computer, which is useful for calibration purposes.

The sensing module of the prototype consists of a light source, in this case a Light Emitting
Diode (LED), to excite the luminophore and a colour camera that receives the generated
luminescence. The arrangement of the elements in the sensing module, that is, the LED, the
luminophore and the camera, is depicted in Figure 1. The sensing membrane is cast on one
side of a 44x12.5x1.25 mm quartz crystal and the LED is placed at the short edge of the
crystal. The camera is placed below the quartz crystal directly facing the membrane. Using
this configuration, when the LED is activated, the generated radiation reaches the
luminophore through the crystal; in this way, this element acts not only as a support for the
membrane but also as a waveguide. The evanescent field generated inside the quartz crystal
is enough to produce a steady-state excitation of the membrane that emits phosphorescence
in the red region with a maximum at 645 nm. The luminescence intensity depends on the
environmental oxygen concentration as a consequence of the quenching of excited

luminophore.
Figure 1

The objective of this configuration for the sensing module in the prototype is to reduce the
interference of the visible radiation of the LED in the image captured by the camera, which
could cause over-exposure of this device. The LED is biased by means of a stable

configurable current source that generates an output in the range of 6 to 120 mA.

The micro-camera is model TTL-uCAM (4DSystems, Australia). This device uses an
OmniVision CMOS VGA colour sensor and an on-board serial interface to allow
communication with the microcontroller via a UART port using predetermined embedded
commands. The micro-camera offers different resolutions (80%60, 160x120, 320x240 or
640x480) and output formats to capture the image (RAW or JPEG). Despite the slower
communication using RAW images, this format is easier to process since there is no need
for decompression to obtain the colour information. The RAW image uses 16 bits in 565-
RGB format (5 bits for the red, 6 bits for the green and 5 bits for the blue component),
which means that the range for the R component is from 0 to 31. Also, 332-RGB and 444-



RGB are available, but due to the lower resolution for the R coordinate, they were
discarded. A spatial resolution for the 320%240 picture was selected according to the
dimension of the u-LCD included in the design. Once the membrane is excited with the
LED, the transmitted radiation is captured in a photograph. This image is shown on a p-
LCD touch screen, model 32PT-SGC (4DSystems, Australia), which also allows the user to
interact with the instrument. The dimensions of the screen are 56x77.6x3.7 mm and 3.2
diagonal and the resolution is 240x320 QVGA with 65K colours, sufficient for the
purposes described here. The RAW image provided by the micro-camera is sent directly to
the p-LCD since the two elements admit the 240x320 resolution, simplifying
communication between them. The microcontroller sends embedded commands to control
the response of the p-LCD and the micro-camera through the serial port. The main
advantage of using a screen is that it avoids the use of external storage elements since all
the information of the pixels is saved directly in the u-LCD. If necessary, it is possible to
save the image in the micro-SD memory card built into the display. A DS1624 temperature
sensor (Maxim, USA\) is included in the design, providing a temperature measurement with
a resolution of 0.03125 °C. This data is sent to the microcontroller in digital format via two-
wire serial communication. The instrument needs a 5 V power supply which can be
obtained from a PP3 9 V battery using a voltage regulator, from an AC/DC external adaptor

or via a USB port.

Measurement procedure

The measurement of the gaseous oxygen concentration is based on the intensity of the
luminescence emitted by the sensor when it is excited by a UV light source. The intensity
of this light is quenched by the surrounding oxygen. Therefore, the information concerning
the O, concentration can be extracted by measuring the red component of a photograph of
the sensing membrane taken under stable excitation conditions [13], as shown in Figure 2,
where the R coordinate of the image of the membrane is presented for different oxygen
concentrations. As can be seen, the intensity of the image decreases as the surrounding O,

increases.

Figure 2



As previously described, the image is loaded in the pu-LCD in 565-RAW format which
means that the red component of every pixel is stored in the first 5 bits of the data. To
obtain a measurement of the R value from the whole membrane, the instrument proceeds as
follows: the LED is polarized through a fixed 19 mA current generated by the current
source. This value is selected to provide an intensity of the luminescence in the absence of
oxygen that corresponds to the red scale maximum in the image, i.e., 31 units. The
phosphorescence emission intensity of the PtOEP membrane undergoes a transient
characterized by a rise in the time from 10 to 30 seconds [25, 26]. In this work it is assumed
that after 30 seconds of illumination, the membrane is in a stable excitation state and the
picture is taken and sent to the u-LCD where it is stored. The elapsed time between the
activation of the LED and the photograph of the membrane must be kept constant for every
measurement since the excitation with the UV radiation produces an increase in the
temperature over time that affects the intensity of the emitted luminescence, as it will be
described below. From the image stored in the u-LCD, the microcontroller successively
takes the R information from every pixel inside a defined region of the image that
corresponds to the active area of the sensing membrane. From these data, the mode of the R
values is selected as the R value for the whole membrane [27].

2.5. Android application

Since there is an increasing interest in the use of mobile smartphones and similar devices
such as tablets, the development of an Android application was carried out for the same
purpose described above for the portable instrument, i.e., the determination of the gaseous
oxygen concentration from an optical sensor image. To implement the application, Eclipse
was chosen as the integrated development environment (IDE) since the plugin needed to
integrate Android is more developed than for other IDEs and, also, a phone emulator can be

used for debugging purposes.

The structure used to take the images using this kind of devices is similar to that shown in
Figure 1, replacing the pCAM with the other camera device where the application is
running. As can be seen, with this design, an external light source is needed in order to

produce the excitation of the luminophore. Once the sensing membrane is placed facing the



membrane, the Android application is started and a photograph of the membrane is
captured, as shown in Figure 3 (a), where light source used to produce the excitation can be
seen as well as the excited luminophore. Figure 3 (b) shows how the photograph can be
cropped to obtain the membrane’s area of interest which is processed to calculate the value
of the R component. In this way, non-uniform regions such as the edges of the membrane
are discarded. The acquisition of images using camera devices such as smartphones to
obtain an estimation of luminescence intensity has been previously described although the
image processing was not carried out using the smartphone [13]. In our study, the
application developed makes use of the device’s internal resources to perform the required
Image processing, making it unnecessary to export the image to an external computer. The
application dismisses the green and blue information, using only the red pixels from the
cropped image to obtain the histogram of the R coordinates present in the area. The mode
of the red coordinate distribution provides the final value which is used to obtain the

oxygen concentration.
Figure 3
3. Results and Discussion

The luminophore selected was the PtOEP complex which has a very long lifetime (to ~
100-200 ps depending on the chemical nature of the polymer matrix), visible absorption
(B(0), the Soret band, at 380 nm and Q(0) at 533 nm), Stokes displacement (emission at
650 nm), phosphorescence quantum vyield (~0.2 under ambient conditions) [28] and a
reasonable photostability in the conditions studied. In a polystyrene host its
phosphorescence lifetime is 91 ps [29] and the absorption spectrum shows the B(0) (Soret
band) peak located at 383 nm and the Q(0) at 537 nm. The weak long-wavelength
absorption around 580 nm is probably due to some aggregate absorption [28] (PtOEP

concentration 0.8%) and the phosphorescence emission is centred at 645 nm (Figure 4).
Figure 4

Emission from PtOEP film appears at 645 nm irrespective of the excitation used according
to Kasha’s rule. In this case, the possible excitation wavelengths are 383 and 537 nm,
which correspond to UV and green light respectively. Digital cameras are usually much

more sensitive to green light than UV; therefore in the following section, the shortest
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excitation wavelength is used to produce less optical interference in the imaging system,
which is designed to measure only the red emission from the sensor. The UV light source
used is a LED with an emission peak covering the absorbance wavelength of the PtOEP
complex, as shown in Figure 4. The Q(0) band of PtOEP is the currently used for
phosphorescence excitation purposes; nevertheless in some cases excitation at the Soret
band has been reported [30, 31].

3.1. Instrument calibration

The aim of this study is to measure the concentration of environmental gaseous oxygen by
means of custom-developed portable equipment that processes images of a sensitive
membrane of PtOEP complex. The phosphorescence intensity of the membrane determines

the O, concentration using the R coordinate of the RGB colour space.

As discussed above, the sensing luminophore containing the PtOEP complex can be excited
at two different wavelengths in order to obtain an emission of light whose intensity depends
on the surrounding oxygen concentration. In a previous work, a green LED with peak
emission at 525 nm was used [21-23]. However in this case, a LED with emission in the
UV band was selected since it causes only negligible direct and stray optical interference in
the image acquired to predict the O, concentration. The response of the sensing membrane
was evaluated in the full 0-100 % O, range using six replicas at room temperature (21 °C).
The measurements were performed after equilibrating the instrument atmosphere for 2 min

with the gas mixtures obtained with the gas blender indicated above.

The obtained results are presented in Figure 5. As was expected, the intensity of the
luminescence, or the R value, is higher for low values of oxygen concentration and

decreases when the O, rises.
Figure 5

The response curve in Figure 5 can be fitted to a Freundlich isotherm for luminescence
which models a non-linear Stern-Volmer behaviour and can be represented in the simplest
form as [32]:
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where Rg represents the intensity of the emitted luminescence in the absence of oxygen, and
a and g are fitting parameters. These constants are considered to provide some physical
information about the sensors: f is a measure of the heterogeneity of the system and the
curvature of the Stern-Volmer plot, and « is the Ksy of the oxygen [33]. The fitting curve
for the response of the sensor is presented in Figure 6, for which « = 0.11 and g = 0.647

(correlation factor r* = 0.996).
Figure 6

The resolution achieved when the image corresponding to the whole membrane surface is
processed is 0.2 % at 21 % oxygen. Nevertheless, processing such an extensive area takes a
long time for the microcontroller, since the communication with the u-LCD is based on a
slow serial bus. To reduce the instrument’s computation time, a smaller area of 40x40
pixels covering the central region of the sensing membrane was selected and processed.
Although the position of the selected area in the image of the membrane is not relevant, it is
important that this area not be close to the edge of the membrane, since lower luminescence
Is generated in these regions due to an increase in thickness and thus in autoquenching, as
can be seen in Figure 2. With this configuration, the resolution achieved is 0.2 % oxygen
and the processing time is 2 minutes. Therefore, the resolution does not undergo any

degradation when a small area is selected instead of the whole membrane.

The limit of detection (LOD) was obtained using the standard criteria: LOD =y, + 3sp,
where vy, is the average blank signal and s is the standard deviation of the blank, which is
determined using ten replicas. As happens with the resolution, the value of the LOD
depends on the area of the membrane considered to obtain the R coordinate. In the best
case, when the whole image is selected, the LOD is 0.28 % O,. In the case described above,

where only an area of 40x40 pixels is treated, the resulting LOD is 1.5 %.

Finally, a study of the instrument’s time stability was carried out, taking measurements for
8 days at 3-hour intervals at 21 % O,. The data show a time drift in the value of the
measured R of 0.038 % per day of the full scale range which implies a time drift in the

predicted oxygen concentration of 0.035 % of the reading per day. Although the excitation
11



source is a high energy emission in the UV band derived from the LED, the sensing
membrane showed good photostability and its response was not significantly affected, as

can be seen from the low value of the time drift [34].

3.2. Camera phone calibration

The Android application described above was installed in a model HTC Desire HD
smartphone with the Android 2.2 operative system. This device was selected because of the
built-in high resolution digital camera with an 8 megapixel resolution. Moreover, this
camera uses 8 bits to code each colour coordinate R, G, B, in contrast to the u.CAM used in
the instrument described which uses only 5 bits to code the R coordinate. This difference
was expected to provide better results in terms of resolution. As explained above, it is
necessary to use an external light source to excite the sensing membrane. In this case, the
UV LED with peak emission at 380 nm was selected. The measurement procedure is the
same described in section 2.4, i.e., the LED is switched on and after a delay time of 30
seconds six replicas are taken with the mobile phone which is placed at a fixed distance of
15 cm from the membrane. The entire system is in the dark to prevent any external light
interference. The calibration curve obtained is similar to that shown in Figure 6, with fitting
parameters « = 0.123 and g = 0.511, and a correlation factor of 0.998. With this
configuration, the resulting resolution is 0.004 % at 21 % O, whereas the LOD is 0.7 %.
Therefore, the use of a camera phone as an image detector provides great advantages in
terms of resolution thanks to its high-quality camera. Moreover, the processing time to
predict the oxygen concentration from the image is much lower using this smartphone,

meaning that the response time of the system is also improved.

3.2. Temperature Dependence

As discussed above, the temperature has a notable influence on the quenching produced by

the oxygen in the light emission of a luminophore [34]. This effect has to be evaluated and

compensated for if the mobile devices are to work well. With this aim, a study of the

instrument response for different temperatures was carried out. A thermostatic chamber,

with a lateral hole for the connexion to a computer and gas tubing entrance, made it
12



possible to maintain a controlled temperature between —50 °C and +50 °C with an accuracy

of +0.5 °C for thermal characterization of the instrument.

Figure 7 represents the response of the instrument at different temperatures. The curves
were obtained using six replicas for each oxygen concentration at a given temperature. As
can be seen, the increase in the temperature reduces the phosphorescence of the membrane
causing a lower red signal. This effect was modelled introducing the thermal dependence in
the fitting parameter £ which can be expressed as a polynomial function of the temperature
in the form B = 3-10°.T% — 0.0023-T® + 0.048-T + 0.3978 (r* = 0.980) with T in Celsius
degrees, while parameter a is independent of the temperature. This model was included in
the instruments so that the drifts in the measurement due to temperature are compensated

for.
Figure 7
4. Conclusions

In this work, two mobile devices were designed to measure gaseous oxygen based on the
luminescence intensity quenching of the PtOEP complex. Both of them measure the
intensity of the light generated by the luminophore when it is excited at certain wavelengths
from the digital image processing of a photograph of the membrane, thus relating this
intensity to the oxygen concentration. The first system is a custom-designed prototype
which uses an integrated p-camera to acquire the picture of the oxygen sensor. The image
is processed by the microcontroller which is the core of the developed instrument. The
prototype has an internal LED that emits in the UV band and acts as a light source to excite
the luminophore. In addition, a temperature sensor is included to correct sensor temperature
drifts. A complete study of the characteristics of this instrument was carried out, showing
that the response curve of the sensor can be fitted to a non-linear Stern-Volmer function
and including an evaluation of the time and temperature drifts. The second system consists
of a commercially available smartphone with a high-resolution digital camera in which an
application for Android developed by the authors runs. This application takes a photograph
of the excited membrane and allows the user to manually select the region of interest of the

image to be processed to extract the intensity of the generated luminescence.
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The maximum resolution and limit of detection that can be achieved with this prototype are
0.2 % and 0.28 % at 21 % Oy, respectively. Using the smartphone, the resolution in the
prediction of the oxygen concentration can reach a value as low as 0.004 % at
environmental O, concentration and an LOD of 0.7%. As can be seen, the resolution
achieved with the phone is improved due to the high-quality camera in the device.
Nevertheless, the smartphone does not constitute an autonomous system since it requires an
external light source to excite the sensor, as well as a temperature sensor to correct for

temperature drifts.
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Figure captions

Figure 1: Sensing scheme of the instrument.
Figure 2. Photographs of the membrane for different O, concentrations.

Figure 3. Photograph of the membrane taken with the camera phone (a) and manual

selection of the region of interest (b).

Figure 4. Absorption and emission spectra of the PtOEP and excitation spectrum of the
LED.

Figure 5. Response of the sensing membrane.
Figure 6. Calibration curve of the instrument.

Figure 7: Thermal dependence of the instrument.
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