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ABSTRACT

While fluorescence-based fiber optic sensors for measuring both pH and oxygen concentration (O-) are well known,
current sensors are often limited by their response time and drift, which limits the use of existing fiber optic sensors
of this type in wider applications, for example in physiology and other fields. Several new fiber optical sensors have
been developed and optimized, with respect to key features such as tip shape and coating layer thickness. In this work,
preliminary results on the performance of a suite of pH sensors with fast response times, < 3 second and oxygen
sensors (O.) with response times < 0.2 second. The sensors have been calibrated and their performance analyzed using
the Henderson—Hasselbalch equation (pH) and classic Lehrer-model (O5).

Keywords: optical fibers, fiber optics, fluorescence, luminescence, decay time, sensor, pH, oxygen, O, fast response
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1. INTRODUCTION

The determination of pH level and oxygen concentration (O>) is very important in a broad range of applications in life
sciences, industry, environmental monitoring and biomedical research. For example, there is particular interest in
detecting both parameters in the clinical analysis of blood?, for quality control in food industry?, for process control in
bioreactors® # or seawater analysis® ®. Classical electrochemical sensors, like the Clark electrode’ and the pH glass
electrode®, are well known for the measurements of O, concentration and the pH. However, these types of sensors
have the disadvantages of being subject to interference from stray electromagnetic fields and as they consume the
analyte, this can cause problems in some situations. In addition, they often are bulky and their glass surface makes
them fragile and likely to break unless which can have a handled very carefully. Optical, and especially fiber optical
sensors have become attractive for these sorts of measurements in recent times since these sensors do not consume the
analyte (e.g. oxygen), are reversible and easy to miniaturize (< 50um). Further, they can be used to measure the analyte
in either the gas or the liquid phase, they are inexpensive and can be used where there is electromagnetic interference®.
Therefore, there is increasing demand for such fiber optic pH and O, sensors, for a wide range of commercial and
industrial uses.

The most widely used optical techniques to detect pH or O, concentration are absorbance/reflectance or luminescence
based. Many kinds of indicator dyes are available for pH monitoring (e.g. SNARF, SNAFL, HPTS and fluorescein)°
and O, concentration (e.g. complexes of Ru(ll), Ir(Il), Pt(I1l) and Pd(Il)) that offer a luminescence intensity,
luminescence decay time or ratiometric (absorbance or luminescence) based measurement of the analyte® . In
comparison to ratiometric measurements, the detection of luminescence intensity or decay time is preferable, since
only one type of indicator dye is required. This reduces the complexity of the detection systems, for example in
reducing the number of excitation sources and emission detectors needed and thus the overall system cost. However,
direct luminescence measurements have the disadvantages that they can be strongly influenced by problems such as
photobleaching, stray light and the drift of the electronic components used in the instrumentation®*.

In a typical fiber optic sensor, the indicator dye is immaobilized in a supporting matrix (often a polymer) and firmly
attached to the sensor tip'2. The sensor performance (exemplified in the response time, drift and detection range) is
mainly influenced by the combination of the sensor platform (in this case, the fiber tip), the polymer and the indicator
dye®®. One parameter which can offer a significant improvement in the sensor performance is to optimize the design
of the fiber tip, with the potential to reduce the response time as a result. Further, the physical parameters of the optical
fiber chosen need to be taken fully into account, since these significantly influence the light guidance in the optical
fiber chosen4 15,



Currently available luminescence-based pH sensors typically have response times from ~13 seconds to an extreme of
54 minutes'?. As in many applications a much shorter response time is important, in this work the focus has been on
the reduction of this parameter. Here the first results of a fiber optic pH and O, sensor, showing a faster response time
than has been reported has been developed, based on new tip designs for luminescence-based sensors. Firstly, the pH-
sensitive coating used is associated with an indicator dye suitable for the pH range from pH 5 to pH 8.5, this being
immobilized in a hydrogel. The sensor method used detects pH changes through measuring the luminescence intensity,
using a newly developed instrument that also reduces the effect of photobleaching and stray light, problems in many
conventional sensors. Secondly, the O, sensitive coating has been created using an indicator dye optimized for the
range 0% to 21% O, where the dye is physically entrapped in a polymer matrix. The approach to detection of the O;
concentration changes is through monitoring the luminescence decay time, using a commercially available instrument.

2. THEORETICAL BACKGROUND: DETERMINATION OF pH AND O

The fiber optic sensors designed and reported in this paper are based on luminescence signal measurements (either
optical intensity or decay time). A brief theoretical discussion on how these parameters can be related to the
determination of the pH and O concentration is given below.

2.1 Henderson-Hasselbalch equation

Classical electrochemical sensors directly measure the activity of hydrogen ions in aqueous solutions and optical pH
sensors the concentrations of the protonated and deprotonated form of the indicator dye. For luminescence-based
sensors, this effect results in a change of the luminescence intensity observed.

The well-known Henderson-Hasselbalch equation is commonly used to determine pH from the changes of the
deprotonated [A"] and protonated [HA] form optically? where:

[HA]

pH = pK, —log-—

@
and pK_is the acid-base constant of the indicator dye.

Defining Imax as the maximum luminescence intensity signal of the deprotonated form and Imin as the minimum
luminescence intensity signal of the protonated form, pH can be calculated using the following equation:

Imax—1

pH=pK,—b - log (M) @
Im—Imin

where Iy, is the measured luminescence intensity and b the numerical coefficient to determine the slope of the

function?®,

2.2 Lehrer quenching model

To describe the photophysical effect caused by collision quenching by O, the most familiar approach is through the
Stern-Volmer equation. During this process, the luminescence decay time is reduced due to dynamic collisions of
molecular O in an excited electronic state. However, the Stern-Volmer model is only true for an ideal quenching
system?™. Since many luminescence sensor coatings used show non-linear behaviors, two other models (Lehrer and
Demas) are well-known and can be used to describe the effect of a quenchable and a non-quenchable side. To calibrate
the O, sensors discussed in this paper, the simplified Lehrer model has been used'’:

“ (ot @) 0
T 1+ Kgy[03]

where 1, is the decay time (in the absence of Oy,) and t is the measured decay time in the presence of O, Kgy is
the Stern-Volmer constant, X the relative contribution of the two sides, while [O2] is the concentration of the quenching
agent, (O2).



3. SENSOR DESIGN AND EXPERIMENTAL SETUP

Figure 1 shows a schematic of the fiber optic sensor design (for pH and O) used in this research. For both sensors,
commercial available fibers were combined with new tip designs, where the pH or O, sensitive materials selected were
attached to the fiber tip.
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Figure 1. Schematic of the fiber optic sensor-based design for pH and O, sensors with the new sensor tip with
incorporated sensitive layer (red).

3.1 Preparation of pH sensors

Preparing the pH sensitive coating, an indicator dye with a detection range from pH 5.0 to pH 8.5 and exhibiting a
strong luminescence signal was chosen. A hydrogel approach chosen where the dye itself and the appropriate
chemicals needed to create the hydrogel were dissolved and the solution formed coated on the shaped fiber tip.
Through extensive research, the coating process was optimized for this specific fiber design and thus the
polymerization proceeded quickly — only a short time was required (< 30s) to finish the polymerization process. After
polymerization the pH sensitive material was mechanically connected to the fiber tip to create the sensor.

3.2 Preparation of O, sensors

In preparing the O, sensitive coating, an indicator dye with an optimized detection range from 0% to 21% O, was
used, achieving a strong luminescence signal and a relative long luminescence decay time which allows for an easier
measurement in the associated instrumentation. As above, the dye was dissolved in the polymer and a sample of the
solution attached to the shaped fiber tip, via a standard dip-coating process. After 12h drying under constant
environmental conditions (stable humidity and temperature), the O sensitive coating was mechanically connected to
the fiber tip.

3.3 Experimental setup for pH measurement and calibration

Figure 2 shows a schematic of the experimental setup used for evaluating the pH sensors developed. This newly
designed instrument was able to monitor the weak luminescence emission signals from the pH-sensitive coating
attached to the fiber tip. This new instrument thus can work with very low excitation intensities, important to reduce
photobleaching of the dye which is the active element of the sensor. Further, the design of the electronics and the
optics used were optimized, to minimize the effect of stray light and drift in the electronic signals processed. In order
to characterize the pH sensors produced in this way, each fiber optic sensor was connected to the optical port and the
output monitored when the probe was dipped into 5 different pH buffers (pH 5, pH 6, pH 7, pH 8 and pH 8.5). Each
measurement was performed under constant environmental conditions (stable temperature and pressure) and the pH
values of the buffer solutions used were checked, both before and after each measurement (using a reference glass
electrode).

In the course of the experiment, first the relative intensity (in arbitrary units (a.u.)) was measured in each buffer
solution and the system calibrated using the Henderson-Hasselbalch equation (Eq. 2). To analyze the response
time, Atgo, the pH sensors were first dipped into the pH 6 buffer solution and then quickly (< 1s) transferred to the
pH 7 buffer solution. Finally, a measurement of any drift in the sensor response when the probe was maintained in the
pH 7 buffer solution was performed, over a 12h period, with a continuous irradiation of the sensor tip to determine if
any evidence of photobleaching could be seen (given these extreme irradiation conditions for 12 h).
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Figure 2. Schematic of the experimental setup for calibrating the pH sensors, used with the newly developed detection
instrument, allowing luminescence intensity measurements to undertake the calibration. Five different pH buffer
solutions (from pH 5 to pH 8.5) in glass bottles were used for sensor system characterization.

3.4 Experimental setup for O, measurement and calibration

Figure 3 shows the schematic of the experimental setup used for evaluating the performance of the O, sensors
developed. The fiber optic sensor probes developed in this work were connected to a commercially available
instrument for luminescence decay time measurements and placed in a closed chamber, together with a reference O,
sensor. The evaluation chamber was temperature-regulated and equipped with a gas input, connected with two gas
flow controllers to allow known quantities of O, and N> to be delivered to the chamber. With this setup, different O,
concentrations could be generated fully automatically using a PC controller, connected to proprietary software. In the
experiment carried out, first the luminescence decay times (in the ps range) were measured and calibrated for each
known concentration of O, used, using the Lehrer quenching model (Eq. 3). The results of the O, measurement thus
obtained were compared with the quantities of gas delivered using the regulated O, supply (using the gas flow
controllers) and for comparison, the output of a conventional reference gas sensor. To establish the speed of response
of the O, probe, a rapid change in the O fraction (from 21% to 0% O,) was generated inside the closed chamber using
the gas control mechanism discussed.

0O, sensor

Instrument
/=
g
/' A gas output
ref. sensor S —
Pl b}
temp.
regulation gas input

Figure 3. Schematic of the experimental setup for the calibration of the O, sensors. The sensors were connected to an
instrument for luminescence decay time measurements and placed with a reference sensor in a temperature and gas
regulated chamber.



4. EXPERIMENTAL RESULTS AND DISCUSSION

This section shows the response and thus the characterization of the newly developed fiber optic pH and O sensors,
with respect to key parameters which include system calibration, accuracy, long-term stability and response time.

4.1 Characterization of the pH sensors

Figure 4 shows the measured steady state signal intensities obtained from the fiber optic pH sensor when immersed in
the pH 5, pH 6, pH 7, pH 8 and pH 8.5 buffer solutions. For each pH value the relative intensity was determined by
averaging the signals over a time interval of 10 seconds. The dashed line represents the fitted titration curve, applying
Equation (2) with pK; = 8.01, Imax = 9.47, Imin=1.23 and b = 1.72. The equation used describes the experimental
results very precisely (with a very high correlation coefficient, R? = 0.9999). Further tests carried out that the calibrated
pH sensors have excellent repeatability. The evaluation undertaken shows a sensor accuracy of about + 0.04 pH
units (@ pH 7), using a glass pH electrode as reference standard. Figure 5 shows the measured changes in pH over the
range from pH 5 to pH 8, for a sensor after calibration and showing a maximum signal variation which is equivalent
to < 0.01 pH units, obtained for pH values greater than pH 6.
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Figure 4. pH dependency of the luminescence intensity Figure 5. Measured pH changes in aqueous solutions after

recorded over the range from pH 5 — pH 8.5. The dashed curve  calibration over the range pH 5 to pH 8.
represents the fit using Equation (2) with R? = 0.9999.

Figure 6 shows the response time of the newly developed pH sensor probe. The sensor has a very fast response to pH
changes, of Aty < 3s (1s buffer changes included) which was observed over the entire detection range (although for
clarity here it is only shown over the range from pH 6 to pH 7). In this case, it was observed unexpectedly that the
sensor needed an additional 10s to reach the steady state. This phenomenon was not observed for all the sensor designs
studied and it could therefore be assumed that this was related to an inhomogeneous layer distribution and irregular
thickness on the fiber tip that influences the pH changes locally. However, it is considered that this very low, and
important response time is unique when compared to the wide range of pH sensors reported in the literature and
described in other publications. Figure 7 shows a measurement made of the probe in a pH 7 buffer solution for 12h,
under continuous irradiation to examine if drift or photobleaching occurred. It was pleasing to note that the pH sensors
are very stable over this long period of time (the drift seen was < 0.05 pH/h), even though the determination of pH is
based on a luminescence intensity measurement. In addition, this small value of drift can be reduced further by
changing the duty cycle with longer ‘off-phases’ of the excitation light source.
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Figure 6. Response time of pH sensors from pH 6 to pH 7, Figure 7. Measured signal decrease in pH 7 for 12h and
showing Aty < 3s. continuous irradiation (measured drift: < 0.05 pH/h).

4.2 Characterization of the O, sensors

Figure 8 shows the measured steady state decay times of the fiber optic O, sensor signal obtained using known
concentrations of Oz (in this case 0%, 4%, 8%, 16% and 20% O,). For each O, concentration used, the decay time was
determined by averaging the signals over a time interval of 10 seconds. The dashed line in the figure represents the
curve fit obtained by applying Equation (3), with 1, = 10.62 ps, Ksy = 0.1106 and x = 0.9998. The equation used
shows a good correlation with the experimental results obtained (with a correlation coefficient, R? = 0.9986). Further,
comparing the measured O, concentrations with data from a reference sensor and the flow meter regulated O values,
the accuracy of the sensor was determined to be better than + 0.05% O,. Figure 9 shows the response of the sensor to
the known O, concentration changes, over the range between 0% and 20% O,, for a sensor probe used after calibration.
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Figure 8. Measurement of the luminescence decay time (phase  Figure 9. Response of the sensor to the known O,
monitored in ps) over the gas concentration range between 0%  concentration changes, over the range between 0% and
and 20% O,. The dashed curve represents the fit using 20% 02, for a sensor probe used after calibration.
equation (3) with R2 = 0.9986.

Figure 10 shows the response time of the newly developed O sensor. It can be seen that the sensor has an extremely
fast response to O, changes, with Atg < 200ms observed over the entire detection range; here only data are shown with
a gas concentration change from 20% to 0% O,. This very fast response probe has as a result a number of new
application opportunities. To evaluate some of these, a preliminary experiment to detect O, in breath was carried out
and Figure 11 shows the results. The measurement was done under room temperature conditions, without
environmental compensation being applied and the changes in O, concentrations were determined when the subject
breathed directly on the sensor tip. At this stage, this preliminary result is not cross-calibrated but indicative: it shows
the excellent performance of the sensor to a gas (breath) sample where the level of O has fallen by several percent
from the ambient (~21%) level. This does, however, show the potential of the sensor for biomedical measurements.
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Figure 10. Response time of the O, sensor monitoring adrop in ~ Figure 11. Preliminary experiment showing the detection of
O, percentage from 20% to 0%, with Atg < 200ms. exhaled breath and the fast response time of the sensor to
the sample.

5. SUMMARY AND OUTLOOK

New fiber optic pH and O, sensor systems have been developed, based on new probe tip designs and using
luminescence coatings. The preliminary results reported are highly promising and show a significant improvement of
sensor performance on current devices, with extreme fast response times to O (Atg < 200ms) and pH (Atg < 3s)
changes. With these sensor designs, highly accurate measurements of pH and O, are possible using very small gas
volumes, because of the design with small optical fibers and small fiber tip diameters. 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. Looking to future developments, the drift could be reduced by
changing the duty cycle used, with longer ‘off phases’ of the excitation light source. Further R&D activities are planned
to optimize the sensor further, for example to analyze the distribution and thickness of the sensor layers and evaluate
and reduce any cross-sensitivities to other parameters (e.g. temperature, pressure and ionic strength).

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. As has been shown in the preliminary
experiments reported, the O, concentration in breath could readily be measured in human subjects. Further, the
detection range of the pH sensors is ideal for measurements in seawater, where a pK, value from 7 to 9 is necessary,
to support better environmental monitoring. A further benefit is that the manufacturing process for these sensors is
relatively simple and thus mass-production seems to be feasible, which will also suit a range of applications.
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