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Even though many different designs for currently available, fluorescence-based fiber optic sensors for measuring pH and
oxygen concentration (O2) are well known (and often commercially available), they often are limited by their response time and
drift. This can cause problems in the important applications of fiber optic sensors of this type, evident for example in physiology
and other fields. Research by a number of groups has discussed the various new designs of fiber optical sensors which have been
developed: key features of such probes are, for example, tip shape and coating layer thickness. This research reported here has
concerned the performance of several new fiber optic-based sensors where fast response has been the priority: achieving response
times of < 5 second for pH sensing and < 0.4 second for oxygen (Oz) sensors. The performance of a group of sensors of this type
have been analyzed, examining sensor accuracy, mechanical stability and overall long term stability, as well as any cross-sensitivity
to any temperature changes which may be experienced.

Keywords: fiber-optics; optical fiber sensors; O2 measurement; pH sensing; fast response time; luminescence;
fluorescence; microsensor; optical sensors; instrumentation; fiber-optic; commercial; biomedical measurements.

1 Introduction

There is a particular interest in detecting key parameters for the clinical analysis of blood [1], for quality
control in the food and beverage industries[2], for process control in bioreactors [3, 4] or for seawater pollution
analysis [5, 6], where the determination of pH and oxygen concentration (O>) are particularly important parameters.
Further applications are evident across industry, in environmental monitoring and in biomedical research, for
example and the field has been the subject of several review papers written in recent years e.g. [7]. The Clark
electrode [8] and the pH glass electrode [9] are commonly used in industry for O, concentration measurement and
the determination of pH value. However, sensors of this type consume the analyte, and this issue can cause
problems in some situations. Further, these sensors can experience interference from stray electromagnetic fields in
certain industrial situations. Above all, they are fragile (they are made from glass) and often bulky, which require
them to be handled very carefully, especially for in-the-field use.

As an alternative to such sensors, fiber optical sensors are becoming more widely used in measurements
like these since they do not consume the analyte (e.g. O2), are reversible and above all, given the small size of the
fiber itself, are easy to miniaturize (< 50um). Further, they can be employed in either the gas or the liquid phase, are
inexpensive and if there is electromagnetic interference present, they are unaffected[10]. The market for such optical
fiber sensors is thus growing, and especially so for pH and O, measurement. Looking at the development since
2000, more of these sensors are now commercially available, designed for a wide range of commercial and industrial
applications. Companies such as PreSens Precision Sensing GmbH
(www.presens.de), World Precision Instruments Inc.(www.wpiinc.com), Ocean Insight Inc.
(www.oceaninsight.com), PyroScience GmbH (www.pyroscience.com), Unisense (www.unisense.com), Ohio
Lumex (www.ohiolumex.com) now have a significant presence in the market and research developments reported
some years ago in the literature are now coming to fruition in commercially available products. In that way, the
users of this type of sensors can access many different system designs: they vary from the large (and thus robust)
[11-14] to very small [15-19]. In that way, the wide range of applications to which they can be applied can be
addressed, with products at different prices and with different specifications to suit the different applications.



http://www.presens.de/
http://www.wpiinc.com/
http://www.oceaninsight.com/
http://www.pyroscience.com/
http://www.unisense.com/
http://www.ohiolumex.com/

Absorbance, reflectance or luminescence-based techniques are amongst most widely used for pH or O
sensing for a number of reasons. Different types of indicator dyes can be used for pH (e.g. SNARF, SNAFL, HPTS
and fluorescein) [20] and O concentration (e.g. complexes of Ru(ll), Ir(11), Pt(1) and Pd(1l)) that offer a
luminescence intensity, luminescence decay time or ratiometric (absorbance or luminescence)-based measurements
[10, 21]. The detection of luminescence intensity or decay time is a simple and easy to use route to a measurand-
sensitive parameter (in comparison to ratiometric measurements, as only one type of indicator dye is needed) and so
the detection systems are simpler to design — reducing the number of excitation sources and emission detectors, with
concomitant cost benefits. Problems still do arise, unfortunately, due to photobleaching, or if not well designed
resulting from stray light and the drift of the electronic components used [21]. Such problems can be reduced or
eliminated by better systems design.

Most fiber optic sensors of this type use an indicator dye immobilized in a supporting matrix, which
typically is a polymer, attached to the sensor tip [22]. The sensor response time, drift and detection range — the key
performance indicators — are influenced by the synergy of the effects on the sensor platform (here the fiber tip), the
type of polymer and the indicator dye that have been used [23]. Optimization of the sensor tip design is clearly
important as a smaller tip can reduce the response time (although typically will mean a smaller amount of indicator
is present at the tip itself, as is the choice of optical fiber chosen which will make a difference to the guidance of the
light launched [24, 25]).

Over the years, a number of different luminescence-based O, sensors have been reported, with response
times to Oz changes (to 90% of saturation — Atgg) ranging widely, from 3.7 s to 100 s [26-30]. Market surveys
carried out shows that the luminescence-based pH sensors typically available have response times (Atgo) from ~20 s
to an extreme of 50 minutes in some cases [11-15, 17, 18, 31]. Having shorter response times is important for many
applications, and so the aim in the research carried out has been to reduce this parameter, but at the same time
maintaining the sensor stability and accuracy. The sensor reported here has been designed around an innovative,
specially-formed and chemically-treated fiber tip — in that way permitting the use of thinner fiber tip coatings in the
sensor design and improving the sensor performance, giving a faster response time when compared to what has been
reported in the literature for a range of different luminescence-based O, and pH sensors. Further work in the design
process has targeted improving performance by reducing photo-bleaching and stray light effects, as these are
performance-limiting in many commercial sensors.

The pH-sensitive coating used is based on an indicator dye (fluorescein-O-methacrylate) immobilised in a
hydrogel, which reacts effectively to pH changes in the range of pH 5 to pH 8.5. Thus pH changes are detected by
measuring the luminescence intensity. Further, the O, sensitive coating frequently used for that sensor employs an
indicator dye (PtTFPP), allowing it to cover the physiologically important O» (0 % to 20 %) range. In this case, the
dye is physically entrapped in a polymer (polystyrene) matrix and O, concentration changes are detected using the
luminescence decay time changes (this being measured with a commercially available instrument) and having the
advantage that changes in luminescent intensity will not, in principle, affect the decay time measurement.

The work reported in this paper discusses the considerable progress made, and thus the O, and pH sensors
developed which are seen to be very stable over a long period of time, designed to have the short response time
needed for use in ‘real world’ situations. Since the conditions under which such sensors are used are often far from
ideal, external effects, such as the influence of temperature and mechanical stability, were investigated in order to be
able to correct any cross-sensitivities.

2 Theoretical background: luminescence-based determination of pH and O:

Luminescence signal measurements (either optical intensity or decay time) are used in this work and so a
short theoretical background on the determination of the pH and O, concentrations is discussed here.

2.1 Principle of Oz quenching and common models

The photoluminescence of many luminescent materials, such as the one used for the O sensor in this work,
can be affected by various processes known as quenching. The presence of molecular O, reduces the luminescence



intensity and the lifetime, due to dynamic collision quenching of O, molecules in the excited electronic state S; (see
Figure 1); no photon emission is seen when returning to the ground state (So) — this does not change the molecule
and is fully reversible [21, 32].
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Fig 1. Modified Jablonski Diagram illustrating the process of collision quenching [32].

The Stern-Volmer equation describes this photophysical effect caused by collisional O, quenching, as follows:

To
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where 10 is the decay time and Io the luminescence intensity in absence of O,. Additionally, t is the decay time and
I the luminescence intensity in presence of O, where Ksy is the Stern Volmer constant and [O2] the concentration of
O, present. However, the Stern-Volmer equation only describes an ideal quenching system, and unfortunately many
luminescent indicator dyes show non-linear behaviors. To take this into consideration, an alternative, popular model
(the Lehrer quenching model) has been found to be a good way to describe the effect of a quenchable and a non-
quenchable site. This approach has been used to calibrate the O sensors [7], as follows:
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where f represents the contribution of the quenchable part and (1 — f) the contribution of the non-quenchable part of
a luminescent material to the total luminescence emission.

2.2 Principle of pH measurement based on fluorescence intensity

The activity of hydrogen ions in aqueous solutions can be measured directly using classical electrochemical
sensors and optical pH sensors monitor the concentrations of the protonated and deprotonated form of the indicator
dye . The fiber-optic sensor scheme reported in this paper is different in its operation: it is based on determining the
pH, through the change in the luminescence intensity. The Henderson-Hasselbalch equation is commonly used to
determine the value of pH: changes of the deprotonated [A~] and protonated [HA] form are used, employing an
optical signal method [22] where:

— K. — Joo HAI
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Here pK is the acid-base constant of the indicator dye and [A]] and [HA] are related to fluorescence intensities

observed, where [A] = I - Imin and [HA] = Imax - Im. Im is the luminescence intensity monitored from the indicator
and defining Imax as the maximum luminescence intensity signal of the deprotonated form (and Imi, as the minimum



luminescence intensity signal of the protonated form), the pH in solution causing the change can be calculated by
substituting these expressions into Eg. (3), and so:

pH=pK,—Db - log (M) (4)

Im— Imin

where b is the numerical coefficient.

3 Fabrication of fiber-optic probes and experimental set-up

A commercially available 400/430 um (core/cladding) silica fiber was selected and this was purchased from
Polymicro Technologies and used as the basis of the O, and pH probes. The key innovation was in the design of the
fiber tip, which was specially formed using a thermal process to create a fiber diameter of < 50 um. A commercial
fusion splicer (Fujikura Arc Master FSM-100P+) was conveniently used to do this. The taper reduces the thickness
of the cladding and thus increases the power fraction of the evanescent wave in the cladding to achieve a higher
sensitivity to local changes of an applied coating [33]. The sensor tips were chemically treated to remove any
remaining cladding — this was done to further increase the effective area over which the coating could be applied.
The aim was to increase the sensitivity of the fiber tip and thereby optimize the light emission. In the final stage of
probe construction, this specially tapered tip design was coated with an O, or pH-sensitive layer — the method to do
this is now considered.

3.1 Preparation of the O, sensor probes

Chemicals used to prepare the O sensitive coating were used as received from the manufacturers: PtTFPP
(Frontier Scientific, Inc), PS (average Mw 2.500, Merck KGaA), chloroform (Merck KGaA) as well as toluene
(Merck KGaA). These chemicals were of analytical grade with no further purification undertaken. An O-sensitve
coating composition based on PtTFPP and polystyrene, comparable to that described [34], was prepared. A simple,
fast dip-coating process was used where each pre-prepared fiber tip was first dipped into the O,-sensitive coating
composition and then, as shwn schematically in Figure 2 A and B, quickly removed. In that way it was possible to
form the required thin PtTFPP-containing PS layers on the fiber-optic tips, having as a result the thin and
reproducible coating that is needed for a practical sensor.

The coating thickness mainly depended on both the solution viscosity and the velocity of the tip withdrawal
[35]. The process was optimized by experiment, in that way to create the conditions for a repeatable coating
thicknesses taking advantage of this simple dip-coating approach. Although in this work this was done on a case-
by-case basis by hand, it is capable of being scaled up and thus automated (a similar approach has been used in
sensors designed for humidity monitoring and using a specially coated fiber optic [36, 37]). Each coated probe
created was carefully dried at room temperature and under constant humidity (for 24 h), to allow any solvent
remaining to dissipate. This then allowed the PtTFPP to be physically entrapped in the PS matrix, prior to the
evaluation of the sensor performance in a systematic way, as discussed below.
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Fig 2. Schematic illustration of the dip-coating process. A: Fiber tip moved into coating mixture (red); B: Adhesion of coating
material (red) when the fiber tip was extracted.



3.2 Preparation of the pH sensor probes

The fluorescent monomer used (fluorescein O-methacrylate) was well suited to the detection range pH 5.0
to pH 8.5, giving a strong luminescence signal. Fluorescein O-methacrylate is polymerizable, permitting covalent
binding to be used — this is important as it can avoid the problem of dye leaching [38]. Further, the fluorescein is an
indicator with the least negative charges (compared to other indicator dyes, such as HPTS) with a reduced
dependence on ionic strength [39]. The work done thus took forward what has been reported in the literature [40],
but importantly was enhanced to improve the coating process used.

A mixture of a number of chemicals was prepared: 2-hydroxyethyl methacrylate (HEMA), the photo-
initiator 4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone (Irgacure 2959) at 1.5%wt., 1,6-hexanediol
diacrylate (HDDA) used at 5.0%wt. with respect to HEMA, the fluorescent monomer itself at 2.0%wt. with respect
to HEMA and poly(ethylene glycol) diacrylate (PEGDA) at 3.0%wt. These were mixed fully using a magnetic
stirrer and to allow photo-polymerization to occur, the fiber tip was dipped into the prepared mixture and light from
a high power UV LED (365 nm peak wavelength, Po < 500mW) purchased from Omicron-Laserage GmbH was
used to initiate the photopolymerization process — irradiating for a period of between 20 and 35 s, to form the thin,
repeatable coatings needed on the fiber tip.

3.3 Experimental set-up and methods to characterize the O, probes

The experimental setup used to determine the performance of the O sensors developed is shown in Figure
3, where the sensor probes were connected to a commercial instrument to allow the luminescence decay time to be
monitored (this was supplied by neoFox from Ocean Insight Inc.). This set up was located in a closed chamber
together with a reference O, sensing system (Microx TX3 and PSt1 sensor from PreSens Precision Sensing GmbH).
The set up was temperature-regulated (over the range from 20°C to 80°C) with gas supplied via flow controllers to
allow known quantities of O, (purity > 99,999 %) and N2 (purity > 99,999 %) into the chamber. Different O,
concentrations and temperatures could be generated fully automatically using a PC controller. In the work carried
out, the luminescence decay times (in the s range) were measured for each concentration of oxygen, from 0 % O
to 20 % O (in steps of 4 % O,) using the Lehrer quenching model (Eq. 3). The results obtained were compared
with gas delivered using the regulated O supply and the output of a conventional reference gas sensor. The set up
allowed the probe response speed to be monitored — here a rapid change in the O, used (from 0 % to 20 % O, and
back to 0 % O) was created in the chamber using the automated equipment.

0O,-sensor holder

/ (fiber only)

0,-sensor

(syringe) gas outlet

heat elements /<gas inlet

Fig 3. Hlustration of the temperature regulated (20°C to 80°C) test chamber to generate stable Oz concentrations for a range of
0 % O2— 100 % O:. It allows the integration of Oz sensors in a syringe housing and sensors without housing using the O2 sensor
holder. The valves connected to the input and output ports are not shown here.

Long-term drift of the probes could be analyzed (the ‘photo-bleaching rate’) using a solution containing 0 %
O, prepared by adding 1 g sodium sulfite (Na>SOs) to 10 mL of distilled water, this being stirred until the Na,SOs
was completely dissolved. Then the bottle was closed with a silicone seal and the fiber-optic sensor inserted and



maintained for 12 h, while the luminescence decay time and intensity were monitored. In addition, the temperature
was measured(in this case using a thermistor but a fiber optic sensor could easily be incorporated into the probe) in

this case connected to the neoFox equipment. The sensor tip of the O, probe was continuously irradiated with light,
at a pulse frequency of 4.85 kHz during this work.

In the next stage of the investigation, the tips of the fiber-optic sensors were placed in an ultrasonic cleaning
bath filled with pure H20, the sensor was left there for 15 minutes and excited with green light from the neoFox
instrument, in this way to evaluate mechanical stability and coating adhesion while a strong vibration signal was
applied. Each sensor was individually calibrated and characterized before and after the experiment was carried out
to investigate whether any damage occurs (e.g. detachment of the coating). The effect of temperature on the fiber-
optic O sensors was investigated (the physiological important range between 25°C and 40° was particularly
investigated). Each sensor was investigated by being placed in the temperature-regulated chamber. The initial
temperature was 25°C, following which concentrations of 0 %, 4 %, 8 %, 12 %, 16 % and 20 % O were passed
through the chamber for 30 s. This was repeated as temperature was increased in steps of 5°C, up to 40°C, and for
each temperature and O concentration, the luminescence decay time was monitored, averaging signals over 10 s
time interval.

3.4 Experimental set-up and methods to characterize the pH probes

A newly designed instrument was used to characterize the pH sensors developed to monitor the weak
luminescence emission signals from the pH-sensitive fiber tip coating and so to determine the pH value accurately.
The instrument and sensor, that formed the system overall, can be seen in Figure 4. Here it was vital to reduce any
effect of stray light, allowing it to work with very low excitation intensities — in that way allowing high quality long-
term performance to be achieved, to maximize the sensor lifetime.

Each fiber-optic sensor was evaluated by connecting it to the optical port where the output was monitored
by dipping it into each of five different pH buffers (at pH 5, pH 6, pH 7, pH 8 and pH 8.5) under stable temperature
and pressure. The pH of the buffer solutions was checked each time before and after each measurement, using a
reference pH electrode and ensuring temperature compensation of the fiber-optic sensing system (pH-1 micro and
NTH-HP5 — purchased from PreSens Precision Sensing GmbH). This allowed the correction of the pH values by
including calibration for temperature changes.

Instrument
housing

retractable .
optical port

pH Buffers
(pH5 — pH8.5)

Fig 4. Experimental setup and the fiber-optic pH sensor design with the new sensor tip and the pH sensitive layer attached (red).
The optical fiber is protected in a retractable housing.

During the system evaluation, the relative emission was first measured in each buffer solution (recorded in
arbitrary units (a.u.)) and calibrated using Eq. 4. To carry out this, the pH sensors were inserted in a neutral solution
(pH 7) and then quickly (< 1s) transferred to the pH 8 buffer solution to monitor the response time. Long-term
sensor response drift was measured as the probe was maintained at pH 7 over a 12h period, during which the probe
was irradiated continuously, to examine any photo-bleaching effects which may as a result occur.



The temperature stability of the pH buffer solutions was investigated using a temperature-compensated
reference system (pH-1 micro and NTH-HP5). For this purpose, the temperature-induced pH changes of each buffer
solution were investigated by comparing the measured pH values at 25°C and 40°C. To do so the temperature of the
buffer solutions was raised in 5°C steps while being monitored with the use of a Pt100 sensor — the pH value was
corrected using the reference system. At each temperature and pH value monitored, the relative sensor intensity was
monitored, averaging the signals over ~3 minutes and the temperature-dependent sensor drift (arising from any
photobleaching) was observed at pH7 and pH8 in buffer solutions, using different sampling intervals (on-off phase
of the excitation light source) of 1 s (continuous irradiation) and 5 s (ton = 1 Sec tosf = 4 sec.).

4 Experimental results and discussion

These results below relate to the fiber-optic O, and pH probes fabricated, using the experimental set-ups
described above. Key parameters considered here include system calibration, accuracy, response time, long-term and
mechanical stability as well as cross-sensitivities to temperature. The following sections discuss the outcomes of
these investigations.

4.1 Calibration results and response times of the fiber-optic O, and pH probes

Both sensor probes developed show a change in the luminescence signal induced by the ‘analyte’, giving a
decay time change for the O, probe and a change in intensity for the pH probe. Each sensor was calibrated as
discussed above, with the results obtained illustrated in Figure 5. The dashed lines represent the data fitted to the
Lehrer model (for the O, probe) and the Henderson-Hasselbalch equation, when using a pH-sensitive fiber tip
coating. Both models clearly describe experimental results with a high level of precision — for the O, sensor probe,
the correlation coefficient has a very high value of R? (= 0.9999), allowing very accurate measurements of O,. The
sensors represent the highest sensitivity for low O, concentrations due to the maximum dynamic range between 0 %
and 4 % O, achieving a very good response for the measurement overall.
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Fig 5. Calibration curves of a fiber-optic O2 (red) and pH probe (green) with the specially tapered tip. Each data point
determined at steady state and averaged over the range of 50 s (50 sampling points). The dashed red curve represents the fitted
Lehrer model applying Eq. 2 and the dashed curve the fitted Henderson-Hasselbalch applying equation Eq. 4.

The correlation coefficient (R? = 0.9991) of the pH probe determined in this work is slightly lower than
could have been expected, but the sensor accuracy is approximately +0.04 pH units (at pH 7) — this is very well
suited to many measurement situations. Experimentally, pKa was determined to have a value of 8.22 + 0.07 — this is
slightly higher than was reported for a comparable sensing film (pKa = 7.9) [40]. It is known that the pK, value of
luminescent indicators changes with the environment [41] and can shift to a higher value by changing the polarity of
the microenvironment (e.g. when using different polymers) [42].



Figure 6 shows the performance of a calibrated O (red) and pH (green) sensor probe, revealing the rapid
response seen from both sensor designs and an average sensor accuracy in the detection of O, concentration (red) of
better than +£0.03 % O, across the overall detection range. The system calibration was done by using the measured
volume flows of the thermal mass flow meters/controllers for N, and O; as a reference. The changes in pH (shown
in green) have been measured from pH 5 to pH 8.5 with a maximum signal variation (equivalent to < 0.01 pH units)
and obtained for pH values greater than pH 6. It is important to note than an excellent signal-to-noise ratio is
evident from the data obtained, in spite of the very thin coatings used.
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Fig 6. Measured Oz changes of a calibrated Oz probe in gaseous O2 (red) and measured pH changes of a calibrated pH probe in

pH buffer solutions (green). Both measurements were performed at a constant temperature of 25°C and also illustrate the rapid
response of the probes.
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Fig 7. Measured response time of the O2 probe due to a rapid change from 0 % to 20 % Oz and back to 0 % O: again (A). (B)
shows the rise time of the probe (Atgo = 230 ms) and (C) the fall time of the probe (Atgo = 190 ms).

The response time of the O, sensor design has been studied in some detail (as shown in Figure 7) and the
rapid response that has been an important feature of the design is seen over the detection range from 0 % to 20 %
O, (and back to 0 % O again). An overall response time of Atgo = 230 ms for increasing O concentrations, and an
even faster response time of Atgomin = 190 ms for decreasing O, concentrations has been seen. The narrow profile



tip design is the key feature which enables this fast response to be obtained, coupled to the very thin coatings, while
still allowing the detection of luminescence signals over a large effective tip area, with a much faster diffusion of O..
Further tests show that the probes have a comparable, rapid response to O, changes over the range studied, as shown
in Figure 6. In addition, the performance compares very well with published data from other optical sensor designs
using comparable PtTFPP- or PtOEP-containing coatings. Typically such sensor designs have response times of
between 3.7 s and 100 s [26-30], which is much greater than for the probe designed here and reported in this work.
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Fig 8. Measured response time of the pH probe due to a due to a rapid transfer (~1 s) from pH 7 to pH 8 and back to pH 7 again
showing a rise and fall time of <5s.

Figure 8 shows data on the response time where it has been shown to have a very fast response to pH
changes, of Atgo < 5s (with the period of ~1s taken to move the sensor physically from one buffer solution to another
also included). This has been studied over pH 7 to pH 8, and back to pH7 and again when compared to the data
published on a wide range of pH sensors in the literature shows a major advantage. The response time depends on
the initial and final pH value, as shown in Figure 6: for pH values below pH 7 the response time was slightly slower,
however, this was faster for pH values > pH 8.

4.2 Long-term stability (photostability) of the probe designs

Figure 9 shows the results of longer-term measurements made with the O, and pH sensor probe for an
extended period of 12 h. For this purpose, the probes were continuously irradiated with the light of the instruments
used to investigate the drift of the luminescence decay time (for O2) or the luminescence intensity (for pH) resulting
from photobleaching. The O, probe was placed in a stable 0 % O solution and the pH probe was placed in stable
buffer solution of pH 7, with each measurement taken in an almost temperature-stable environment of 25°C.
Temperature was seen to be very stable (ATmax = 0.46°C) over all the experiments carried out.

The pH sensor probe was seen to be very stable when compared to what has been reported (drift being <
2.42 %/h), even though the pH monitoring was based on luminescence intensity monitoring. For this worst-case
scenario (continuous irradiation and a sampling rate of 1 s) assuming that a sensor drift error of < 0.05 pH/h was
acceptable, a re-calibration of the sensor would only be required after 3600 data points.

Looking at the O, sensor probe, the drift observed of ~0.007 %/h was extremely low. A further positive
feature of the probe was that the luminescence decay time measurement was significantly less affected by either
photobleaching or light source instability (drift), as well as photodetector sensitivity. However, even with
continuous irradiation and a sampling rate of 0.5 s, the sensors show an exceptional long-term stability. This means
that the probe does not need regular recalibration. When a measurement error of = 0.5 % O (for O, concentrations
<20 % Oy) is allowed, the sensor would only need a re-calibration after 144000 data points or 20 h of continuous
measurement (with a sampling rate of 0.5 s). This is much longer than is needed for many biomedical applications.



Higher sensitivity of the sensor at very low O concentrations (< 4 %0;) is seen and here a re-calibration after a
longer period of 890000 data points (or a measurement duration of 124 h) is appropriate to this O, measurement
region.
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Fig 9. Long-term drift of an O2 (red) and pH probe (green) seen under continuous irradiation for 12 h. Red: decrease of
luminescence decay time of an Oz probe when placed in a stable 0 % O solution; Green: Luminescence signal decrease of a pH
probe when placed in a stable buffer solution of pH 7. A constant temperature of 25°C was used.

4.3 Effect of temperature on the probe designs

Temperature drift effects are likely to be the biggest source of error in optical luminescence-based sensors
[21], and so the effect of temperature on both sensor designs (O2 and pH) has been studied over 25°C and 40°C (in
steps of 5°C) using the setups and procedures described.

The results obtained for the O sensor probe showed the expected effect on the luminescence lifetime, as it
shortens the luminescence lifetimes of PtTFPP for increasing temperature (and this has been used very effectively in
stand-alone temperature sensors [43]). As expected, the obtained calibration curves show a general shift to lower
decay times for increasing temperature values and thus an increase in the absolute O, error for higher O,
concentrations. This temperature-induced signal drift shows a linear behavior over the O, range between 0% and
20% O and is shown in Figure 10 (left). However, temperature compensation can readily be incorporated in the
probe. A technique that can be applied is using a small length of rare-earth doped fiber whose decay time will also
change with temperature, but is unaffected by O, concentration changes [44], or to include a Fiber Bragg Grating or
a Long Period Grating temperature sensor [45].
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Fig 10. Effect of temperature on the Oz (left) and pH sensor (right) designs. Left: shows the absolute O2 error (% Oz) over
temperature (between 25°C and 40°C) and determined for O2 concentrations between 0 % and 20 % O:z. Right: shows the
temperature induced deviation of pH compared to the reference values at a temperature of 25°C.



In contrast to the O, probe, the pH sensor unexpectedly showed no significant influence to temperature
changes for pH values below pH 8 and the temperature range investigated. To illustrate these minor changes,
Figure 10 (right) shows the change in the pH value over the entire detection range between pH 5 and pH 8.5 and at
temperature values of 30°C, 35°C and 40°C, when compared to the "reference values" determined at 25°C.
However, temperature exerts somewhat complex effects on pH-sensitive materials and influences other parameters
such as the swelling ratio of the hydrogel [46], and in the case of the luminescence-based sensor, the thermal
quenching of the luminescence of the pH indicator [47]. Further work shows that the decrease of luminescence
emissions for pH values > pH 8 seems mainly to be influenced by a higher bleaching rate of the indicator at higher
temperatures [48].

4.4 Mechanical stability of the probe designs

Good mechanical stability for many industrial uses is important, and Figure 11 show results when an O and
a pH probe experienced strong vibrations, when using the procedures described in the previous section. Figure 11
(left) shows the calibration curves of an O, probe before and after exposure to vibrations and Figure 11 (right) shows
continuous measurement data of a pH probe in pH 6, pH 7 and pH 8.

Both coatings show really good performance —strong adhesion to the fiber tip surface is seen and no
mechanical damage is observed when the tip was examined under a microscope. No significant signal changes have
been measured, when comparing the calibration curves of the O, probe, and no detachment of the coating occurred
during the experiments carried out. Only at pH 8 does the signal decrease after the ultrasonic cleaner is turned on —
explained by the higher bleaching rate of the indicator, at higher temperatures, generated by a temperature change
from 25°C to 38°C from the ultrasonic sample irradiation — so the probes can be used in harsh environments where
these are mechanically stressed without the need of a re-calibration.
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Fig 11. Mechanical stability of the Oz (left) and pH sensor (right) designs. Left: Measured calibration curves of a Oz probe in
gaseous Oz before (black) and after (red) the sensor was hold in an ultrasonic cleaner for 15 minutes. Right: Continuously
measured pH values of a pH probe in pH 6 (green), pH 7 (blue) and pH 8 (red) solutions and under strong vibrations. An
ultrasonic cleaner provided the vibration effect, by being turned on after 1 minute and off after 16 minutes (black, dashed).

5 Conclusions

This work has discussed a range of new fiber optic pH and O, sensing systems which have been developed
and evaluated. These have been based on new probe tip designs and the use of luminescence-based coatings. Highly
promising results have been obtained, showing significant improvement of the sensor performance on current devices.
Importantly, extremely fast response times to O (Atg < 400 ms) and pH (Atgo < 5 ) changes have been reported. The
unique characteristics seen have resulted from an increased effective area of what was still a very compact sensor tip,
allowing an optimization of the light emission from the probe. In this way, it has permitted the use of thinner coatings
on the fiber tip itself without compromising the signal-to-noise ratio.



Thus highly accurate measurements of pH and O, have been shown possible using very small sample volumes,
because of the design with small optical fibers and small fiber tip diameters. The work has prioritized monitoring of
small volume samples, which often all that is available from biological or clinical work. In combination with newly
developed instrumentation, the pH sensors have been shown to be very stable over a long period of time, as during a
measurement for 12 hours at pH 7 with continuous irradiation, a low signal drift (of less than 0.05 pH/h) and a
negligible influence of stray light were observed.

The O, probe showed an exceptional long-term stability, only a drift of Atmax =~ 0.007 %/h seen in a
comparable 12 h experiment. A potential user would therefore only need to re-calibrate the sensors after a long period
of time, which is ideal for widespread use of such sensors. Furthermore, the temperature ‘crosstalk’, which can be a
problem with many such sensor designs, was investigated in the physiologically relevant temperature range (between
25°C and 40°C). Excellent temperature stability of the sensor design itself was seen, while a relative simple
temperature compensation is suggested by incorporating a further fiber-optic based temperature sensor in the probe.

The work has clearly showed that this new sensor design has the potential to extend the breadth of applications
for fiber-optic pH and O sensors, especially where fast response times are required. A further benefit of this design
for biological or clinical applications is that the manufacturing process for these sensors is relatively simple and thus
volume production, at low cost, is feasible — creating an approach which will also suit a range of applications including
those where easy and inexpensive disposal of the sensor probe is required after each use.
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