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Abstract

A new optical oxygen sensor withstanding sterilization is reported. The sensor is based on the quenching of the luminescence lifetime of a dye immobilised in a suitable polymer. It was shown that an optimized thermal pretreatment significantly improved the performance of the device. With pretreated membranes negligible changes of the sensor readout were observe after steam sterilization (at 135°C for 60 minutes). Furthermore, a sterilization with acidic or basic solutions (CIP) showed no relevant effects. A particular calibration model is presented, which takes the temperature dependence of the sensor into account. The relative error due to this model was determined to be less than 1% in the temperature range from  5(C to 50(C. The application of this sensor in a bioreactor to measure the dissolved oxygen during fermentation confirmed its excellent performance.

Introduction

Numerous processes, as for example yeast fermentations or the synthesis of penicillin, can be controlled by continuous monitoring of the oxygen concentration in the bioreactor. Most of those processes require sterile environments. Therefore, the demand arose for autoclavable oxygen sensors which can remain in the fermenter during autoclavation. In this report we describe a new optochemical oxygen sensor, which fulfils such a requirement, and which is an attractive alternative to the presently used electrochemical sensors.

Optical oxygen sensors in general, compared to electrodes, display numerous advantages: they can be employed for gaseous as well as liquid analytes, no oxygen is consumed during measurements, there is no CO2 interference, they are all solid-state devices without the need of any electrolyte, they do not depend on the flow speed of the analyte and they allow short response times. Furthermore they are compatible with fibre optics and are able to withstand high pressures. The membranes can be produced easily by spin coating, dipping, printing or casting a polymer film containing the luminescent dye onto a suitable carrier, thus enabling the membranes to be disposable due to low production costs.

The optical oxygen sensor membrane consists of a luminescent dye dissolved in a polymer. When the sensor membrane is irradiated by light of a certain wavelength, each dye molecule absorbs light thus transferring electrons to a higher energy level – the excited state. When the electrons return to the original energy level, the dye emits light different to the excitation light (luminescence). Quantitative optical oxygen determination is based on luminescence quenching. Oxygen diffuses into the sensor membrane and therefore it is possible that oxygen gets in contact with the excited dye molecule. The dye is deactivated and does not emit light any more, whereas the oxygen molecules take over the excitation energy. As the content of oxygen in the sensor membrane and the ambient atmosphere increases, the greater the quenching of the luminescence. The emitted light is detected. The duration of emission, by definition the time it takes for the intensity to reach 1/e of is original amount, is called the luminescence lifetime. It acts as an indicator for the amount of oxygen present in the analyte: the higher the oxygen concentration in the analyte, the shorter the lifetime [1].

Polymers, which are used as a matrix in optical sensors, have to meet many physical and chemical requirements. In particular, they have to exhibit a high permeability for oxygen. If they are exposed to steam sterilization at 135°C, they have to stay transparent, and they need a high glass transition temperature. They must not be damaged by the high temperature and the high humidity. Also the uptake of water, the compatibility with the carrier and the biocompatibility have to be considered. Under conditions of optical oxygen measurement the polymer has to be resistant to excitation light and oxidation. Up to now, no membrane was presented which withstands this sterilization. The calibration function changed drastically due to effects such as the formation of aggregates of dye molecules within the sensing layer. Here a new optical oxygen sensor withstanding sterilization is reported.

�Experimental

The measurement system detects the luminescence lifetime of the dye, which is in the µs range by means of the phase-modulation technique. Using this method the light source is continuously modulated at a modulation frequency of 20 kHz.  The obtained luminescence emission remains unchanged in frequency but is phase-shifted and less modulated relative to the excitation signal. These changes are proportional to the luminescence lifetime. The dye is excited with the light of a blue LED from Nichia and the emission is collected by an inexpensive Si-photodiode with a proper optical filter. A second light source (reference) is used to compensate temperature drifts of the electronics. So the system has a phase error smaller than 0.01 degrees for operating temperatures from 5 to 50°C. The luminescence decay time is determined with a specially developed digital phase measurement electronic device [2]. We use a synchronous demodulation system (lock-in system) to determine the magnitude and phase of the detected luminescence signal.

The characterization of the membranes was carried out on a flexible optical-bench set-up with a stainless steel flow-through cell and dry calibrated gases. The temperature of this cell was kept constant with Peltier elements. The measurements of the dissolved oxygen were performed with a prototype device containing a 15 cm long glass rod coupled to the sensor optics (see Figure 1). This allowed the sterilisation of the sensor-membrane inside an autoclave at high temperatures without damaging the optoelectronic and  electronic components. The sensor membrane was mounted at the end of the rod and could be easily changed. The temperature was measured with a thermistor probe close to the tip of the rod.
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Figure 1: The optical oxygen sensor device with an autoclavable O2-sensitive membrane.



Membranes were produced by coating a transparent polyethylenterephthalate-foil (Mylar D) with a polymer solution containing 10% polysulfone (PSU) or polyetherimide (PEI) as polymer matrix and 0.1% - 0.15% tris(4,7-diphenyl-1,10-phenantroline) ruthenium(II)perchlorate as fluorophore [3]. The solvent was chloroform. By producing wet-layers with these solutions of 50 µm thickness, polymer layers with 3.5 - 7.5 µm thickness were obtained after drying.

The sensor membranes were sterilized in an autoclave from Pool Bioanalysis Italiana at a temperature of 135°C and a pressure of 2.7 bar for 60 minutes. To protect the sensor membranes from water drops condensing at the lid, a glass plate was inserted a few centimetres above the vessel, in which the membranes were placed. Additional Cleaning In Process (CIP) experiments with the sensor membranes were performed in the stainless steel flow-through cell with 1 M NaOH and 2.5% H3PO4 solutions. The filled cell was heated to 50°C and then kept for 30 minutes in this state. Afterwards it was purged with de-ionized water and dried.

The bioreactor experiment was performed in a Braun Biostat ES 10 fermenter equipped with a Mettler Toledo electrochemical O2-Sensor-19/150 in order to compare the performance of the new sensor with a conventional oxygen electrode during fermentation. The sterilisation was done at 121°C for 30 minutes. During the fermentation the temperature was kept constant at 27.6°C and the stirring speed was varied from 700 to 900 rpm. 

The data for temperature compensation were obtained with a prototype similar to that shown in Figure 1. Tonometry of the de-ionized water sample solution was performed with gas mixed with mass-flow controllers from pure oxygen and nitrogen. The temperature was controlled with a Lauda RC 6 CP thermostat and the dissolved O2 content was monitored with a TriOxmatic 300 oxygen electrode with an Oxi-Stirrer as a reference probe and an Oxi 3000 (all from WTW). The temperature measurement was done with a digital multimeter connected to the PC.

Results and Discussion

In our work the behaviour of selected polymers under the conditions of steam sterilization was investigated. These polymers were chosen due to promising literature data [4]. The neat polymers were investigated to figure out their behaviour under these harsh conditions. To characterize changes in the polymer matrix, we used infrared spectroscopy (to detect changes caused by oxidation), GPC (for changes in the molecular weight), a light microscope and an electron microscope (for mechanical changes).

Polysulfone and polyetherimide showed excellent characteristics for their application as steam sterilizable membranes. Even repeated autoclavation did not cause detectable changes. Another promising candidate according to literature data was polyvinylnaphthalene. However, after steam sterilization the polyvinylnaphthalene film turned opaque and therefore became unsuitable for an optical sensor. Figure 2 shows an electron micrograph of polyvinylnaphthalene after steam sterilization. Bubbles and changes of the surface were responsible for the clouding of the polyvinylnaphthalene film. These results lead to the conclusion that aromatic groups in the polymer backbone are responsible for enhanced stability under the conditions investigated.



�

Figure 2: Electron micrograph of polyvinylnaphthalene after steam sterilization.

As a consequence, polysulfone and polyetherimide were applied for the preparation of membranes containing a luminescent dye. By a thermal pretreatment of the oxygen sensors (i. e. polymer and dye), a further improvement of the sensor stability could be achieved. During a thermal pretreatment, remaining solvent and water are removed and therefore stress is reduced. This was revealed by infrared spectroscopy. Figure 3 shows infrared spectra of a PSU film before and after treatment in a drying oven at 150°C for 24 hours. A significant difference can be recognised in the region of 730 – 770 cm-1 (see enlargement in Figure 3), where chloroform, which was used as the solvent for the preparation of this film, displays strong absorbance. The difference in the spectra clearly results from evaporation of solvent from the polymer film.
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Figure 3: Comparison of infrared spectra of a PSU-film before (grey line) and after thermal treatment (black line). The sinusoidal shape of the spectrum results from Fabry-Perot interferences.

In order to evaluate the phase measurements the conversion to luminescence lifetime was omitted, because of the excellent results we could achieve using fitting procedures, which are typically used for intensity and lifetime data. Therefore we use the same Stern-Volmer terminology as for intensity and lifetime representation. Stern-Volmer-plots of sensors pre-treated under different conditions were established. It proved useful to dry the sensors in the drying oven at 140°C for 12 hours. Figure 4 shows the improved performance of a pretreated membrane compared to a membrane without pretreatment. The plots A and B were recorded before and after autoclavation. Plot B clearly shows, that autoclavation had no significant influence on the performance of the pretreated sensor membrane.
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Figure 4: Stern-Volmer plots of optical oxygen sensors before (black dotted line) and after  steam sterilization (grey line). Plot A refers to an untreated PSU film, plot B refers to a thermally pretreated PSU film.

Table 1: Comparison of variations �of oxygen measurements of a PSU sensor with and without pretreatment procedure

Oxygen in sample gas

[vol. %]�Variation of measurement

[vol.%]���Without treatment�treated��0�-0.44�0.00��5.1�-0.99�0.00��10.3�-1.58�0.02��20.55�-2.70�0.05��41.96�-4.72�0.15��100�-7.11�0.70��In Table 1 the variations of these experiments are summed up. In the untreated film the variations were approximately ten times larger than in the pretreated polymer film. Therefore it is absolutely necessary to pre-treat oxygen sensors before use.

After several autoclavations, when compared to the calibration function (signal versus oxygen partial pressure) of the new membrane, the autoclaved sensors displayed negligible changes in an oxygen free atmosphere. In air, the deviation was as low as 0.9 vol.% oxygen. This suggests that a one point calibration with air after sterilization is sufficient.

Another common way of sterilization, especially in the food and beverage industry, is to use acidic or basic solutions. Cleaning In Process (CIP) experiments with the sensor membranes did not cause considerable changes either: Figure 5 displays the deviations of the oxygen sensor readout, which were measured after acidic and basic treatment (CIP), compared to the readout of the sensor before sterilization. 
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Figure 5: Deviation of the oxygen readout of a PSU sensor membrane at different concentrations after basic (1M NaOH) and acidic treatment (2.5% H3PO4).The treatments were done at 50°C for 30 minutes.

The response time for a PSU oxygen sensor was determined in the flow-trough cell with dry gases containing 10.3 % and 20.55% oxygen. Taking into account the response time of the system, the sensor reacts within 10 seconds (t90) to this concentration change in both directions. The same experiment with a PEI Sensor gave a t90 of 35 seconds. These results were obtained with sensors without any optical isolation layer. Isolation layers of black silicone or Teflon would further increase the response time.

The measured phase shifts and the Stern-Volmer parameters are strongly dependent on the temperature of the sensor membrane. For many applications a constant temperature cannot be guaranteed and therefore the temperature has to be measured and to be compensated in the calibration model. The temperature range from 5° to 50°C was investigated. The data of phase shifts F(pO2,T) were gathered for seven oxygen partial pressures pO2 between 0 and 500 hPa at ten fixed temperatures T. Each sub-dataset was fitted with the Stern-Volmer equation (‘falselight model’) :
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F0	phase shift at zero oxygen

f0 	fractional partition coefficient

KSV	Stern-Volmer quenching constant

The obtained parameters F0 (T), f0 (T) and KSV (T) were subsequently fitted with a polynomial function of first or second order. With the help of these results, the temperature compensation was done by calculating the values for F0 (T), f0 (T) and KSV (T) for the measured temperature using the coefficients of the fitted polynomials. With these parameters the oxygen partial pressure pO2,calc can be obtained from the measured phase shift F by:

	�EINBETTEN Equation.2 EINBETTEN Equation.2  ���	(2) 

The deviation DpO2 for the originally used oxygen values is calculated as:

	�EINBETTEN Equation.2 EINBETTEN Equation.2  ���	(3) 

where pO2,exp is the oxygen partial pressure obtained from the reference oxygen meter.

The maximum compensation errors with this model are shown in Figure 6. The lines correspond roughly to < 1% relative error of oxygen reading. It should be pointed out that even the reference values are not more accurate than ± 0.5%.
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Figure 6: Maximum deviation (line) of the oxygen readout of a PSU membrane due to the temperature compensation routine (temperature range from 5°C to 50°C) at different oxygen concentrations.

The performance of an optical oxygen sensor membrane, which was inserted in a bioreactor and compared to a conventional electrochemical device measuring the dissolved oxygen, is displayed in Figure 7. A cultivation of Escherichia Coil for production of enzymes was monitored. It can be seen, that with both sensor types similar results were obtained. Therefore polymer based optical oxygen sensors are a good alternative to electrochemical sensors.
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Figure 7:. Comparison of the performances of a conventional electrochemical oxygen electrode and the JOANNEUM RESEARCH Optical Oxygen Measuring Device.
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