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Chapter 1 

 

 
Progress in Microsensing of pH and pO2 

 

1.1  Motivation 

 

pH (latin: pondus hydrogenii) and pO2 (oxygen partial pressure) are often determined 

analytical parameters in research and industry. The monitoring of pH and pO2 as quality 

parameters is used in clinical diagnostics of blood (blood gas analysis)1-3, body fluids4-11 and 

respiration activity12 for assessing the status of critical patients. In the food industry a control 

of pH and pO2 is needed as indication of the quality of drinking water13,14, the freshness of 

food15-19 and the sterility of food and beverage20-22. Knowing pH and oxygen concentration is 

also essential in seawater analysis23,24 and in marine research25-27.  

Additionally, pH is one important control factor in industrial waste water treatment 

and acidity of rain28-31. Furthermore, oxygen and pH are two important parameters in 

biotechnology for process control in bioreactors during fermentation of microorganisms32-37. 

Although optical sensing of dissolved oxygen38-42 and pH38,43 in microplates has recently been 

demonstrated, no realistic system for simultaneous monitoring of both parameters was 

proposed so far. Several systems do allow for simultaneous measurements of dissolved 

oxygen and pH in a single microbioreactor, but can hardly be applied to high-throughput 

bioprocessing due to the complicity of the microbioreactor, sensing element or detection 

system44,45. 

 Electrochemical sensors are the established tools for pH and oxygen measurements. 

However, glass electrodes are limited to single-point measurements and are not suitable for 

obtaining information on pH distribution. Moreover, electrodes are bulky and invasive, and 

potentially create the risk of electric shock during in vivo measurements. 

Optical sensors offer a promising alternative. The chemical, physical, mechanical and 

optical properties of the sensor can be varied by the combination of indicator and polymer46,47. 

The varying of analyte concentration results in change of spectral properties of indicators. 

Absorbance, reflectance or luminescence is parameters usually used for optical analyte 

determination. Most optical luminescent sensors and probes usually use either luminescence 

intensity27,48-50 or luminescence decay time51-56 as the analytical information.  
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Simultaneous and continious detection of two or more parameters is also a field of 

growing interest in chemical optical sensor development. Optical dual sensors have weighty 

advantages in contrast to single sensors since they: 

1. enable simultaneous monitoring of two parameters at one point (very important 

for the highly spatial resolution measurement in tissue and isolated organs); 

2. make possible the improvement of precision of measurements due to 

temperature compensation in a sensor layer (in case of dual sensors pH/T, 

CO2/T etc.); 

3. allow for reduction of measurement errors (e. g. gradient of temperature); 

4. provide smaller influence on measurement systems due to reduced number of 

sensors;  

5. make possible straightforward miniaturization of the sensor due to reduced 

number of sensors, the analytes sensitive “cocktail” being fixed on the tip of an 

optic fiber (diameter of one fiber-optic microsensor is 140 µm or even lower (~ 

40 µm) for the pulled fibers). 

 

The aim of this work was to synthesize and characterize new luminescent probes suitable for 

preparation of pH sensors for various ranges of pH. For optimization of sensor properties 

different polymers supports were used onto which the indicators were immobilized. In 

addition to development and characterization of single optical sensors, this work presents the 

development of planar sensors and microsensor for non-invasive simultaneous monitoring of 

two parameters (pH and pO2). The dual sensor was successfully applied for the simultaneous 

measurement of pH and pO2 in fermentation processes of bacteria Pseudomonas Putida and E. 

Coli in microbioreactors.  
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1.2 State of the Art of Optical Sensing of pH, pO2, and of Dual pH/pO2 

Sensing 

 

1.2.1 pH Sensors 

 

The increased interest in development of optical sensors was observed in the last two decades. 

This is strongly connected with progress of optical technology. For the selective analyte 

recognition and signal transduction optical sensors comprise development of the fibers, 

detection systems (photodiodes, CCD-chips, photomultiplaier tubes) and light sources (lasers, 

lamps and light emitting diodes). In the case of optical pH sensors the indicator is absorbed, 

immobilized or entrapped in polymer matrix which can be used then in various formats 

including planar sensor spots57 or fiber-optic sensors58. The first type of single pH sensor 

developed in the 70s years was a pH test stripe based on the absorption of pH indicator 

covalently immobilized on the cellulose matrix. In 1980 Peterson59 presented the first optical 

pH sensor. The sensor made used of the absorbance dye phenol red and was applied for 

evaluation of blood pH in-vivo and in-vitro. The dye was immobilized into polystyrene 

microspheres. Lately mostly used absorbance-based pH indicators were phenol red, 

bromothymol blue and other60-64. In 1982 Saari65 reported the first fluorescence-based pH 

sensor where fluoresceinamin was covalently immobilized on cellulose.  

The most frequently used pH indicators are 8-hydroxypyrene-1,3,6-trisulfonic acid 

sodium salt (HPTS), carbxyfluorescein derivatives (e.g. mono-, dichlorocarboxyfluorescein), 

seminaphthorhodafluor (SNARF) and hydroxycoumarins66-70. The important criteria for the 

choice of pH indicator for preparation of optical pH sensing material are 1) excitation in the 

range between 405 and 550 nm; 2) emission of indicator in the range from 550 to 700 nm; 3) 

large Stokes shift; 4) pKa value, suitable for a particular application; 5) high quantum yield; 6) 

high photostability and 7) no cross-sensitivity to ionic strength (IS). Existing pH indicators 

can not meet all of these criteria; for example, carboxyfluorescein has only moderate 

photostability, the pKa value of HPTS is strongly dependent on ionic strange of sensing 

solution, and most coumarins are excitable in the range from 300 to 400 nm. Against all the 

odds a majority of optical pH sensors are based on fluorescence, because of high sensitivity of 

the resulting sensor and relative simple instrumental set-up.     

 The properties of polymer matrix have strong influence on the characteristics of the 

pH optical sensor. To minimize the effect of ionic strength on the pKa value of indicator 
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Wolfbeis and Offenbacher71 presented a pH sensor based on a single indicator with different 

surface chemistry. In a first sensor type, the indicator is embedded in an uncharged micro-

environment. This sensor is highly sensitive to changes in ionic strength. In a second sensor 

type, the indicator is placed in a highly charged environment. This sensor is less sensitive 

towards changes of ionic strength. Other polymer matrices include ion-exchangers72,73, 

hydrophobic plasticized PVC74, sol-gels75-77 or hydrogels78 and were often used as polymer 

matrix in optical pH sensors. However, the slow response time is severe disadvantage for 

majority of these polymers. Moreover, the characteristics of pH sensor based on the 

plasticized PVC membrane can easily change following a plasticizer leaching from the 

membrane.      

The most widely employed pH sensor polymers are cellulose derivatives and 

hydrogels because of their excellent mechanical properties, stability at various pH`s and 

temperatures79 and high permeability to water, ions and dissolved gases. The polyurethane-

based80,81 or pHEMA-based hydrogels82 are characterized by excellent water uptake (and thus 

swelling) and good compatibility with biological materials. 

 

1.2.2 pO2 Sensors 

 

Oxygen is one of the most important chemical species. In many research fields determination 

of oxygen levels is required. In environmental analysis continuous measurement are essential 

to monitor oxygen levels continuously in the atmosphere and in the water. In the medical field, 

oxygen levels in exhaled air or in the blood of a patient are the key physiological parameters. 

Such parameters should ideally be monitored continuously. The measurement of oxygen is 

also essential in industries that utilize metabolizing organisms and in biotechnology that 

utilize plants and microbes for producing drugs such as antibiotics and anticancer drugs. 

Several methods were used, including those which are based on titration83, amperometry84, 

chemiluminescence85 and thermoluminescence86. Winkler titration83 has been employed as the 

standard method for the measurement of oxygen. The development of Clark-type electrodes 

provided a revolutionary technique for the oxygen control und was used as conventional 

method. Oxygen measurement using Clark cells is based on reduction of oxygen at the 

cathode. Therefore, the limited diffusion of oxygen through the film is the factor that can 

change the diffusion resistance, such as fouling of the film, or a change in flow conditions in 

the testing fluid, can cause errors. Also electrical interference can affect such cells and if 

electrodes consume most oxygen they can generate misleading data. Thus, there is a big 
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interest in the development of new techniques for oxygen detection and the optical oxygen 

sensors are one of the best alternatives in this area. 

            Optical oxygen sensors are inexpensive, simple to use and easily miniaturized, do not 

produce electrical shock or consume oxygen. More recent optical sensors based on quenching 

of photoluminescence usually measure the luminescence intensity87,88 or lifetime89 of a metal 

organic dye immobilized in a polymer film that varies with changing of concentration of the 

analyte. Also, the relatively long phosphorescence lifetime of the indicator dyes allows for the 

use of less sophisticated measurements instrumentation.  

 The properties of sensing films are strongly depended on the properties of polymer 

matrices. Oxygen permeability, non-polarity for providing mechanically and chemically 

stable matrix are important requirements for the choice of polymers. Thus, the most useful 

polymer matrices for preparation of oxygen sensitive membrane that meet these requirements 

are silicon rubbers90, organic glassy polymers (polystyrene, polymethyl methacrylate, 

polyvinyl chloride)91-93, cellulose derivatives94 or fluoropolymers such as polytrifluoroethyl 

methacrylate95. Compared to other organic polymers the silicone rubbers have the highest 

oxygen permeability, which leads to high quenching efficiency96. The indicators, however, 

tend to aggregate in silicone rubbers, which render this matrixes unsuitable for prolonged use 

(unless an indicator is immobilized in beads, which are then dispersed in silicone97). Sol-gel 

polymers are viable polymers for preparation of optical oxygen sensors98,99. Modification of 

these polymers allows for reducing of long response time and prevents leaching indicator 

from the matrix100. Organically-modified silica (ormosil) is a typical example100.      

 The organometallic compounds are viable probes for oxygen sensing. High quantum 

yield, long lifetimes, high molar absorbance, photostability, compatibility with low-price 

excitation light source (LED, laser diode) are important aspects in the choice of indicator. 

Most widely used oxygen sensitive luminophore can be classified into two categories. One is 

the polypyridyl complexes of transition metal Ru2+ (or Os2+, Ir3+) with ligands such as 2,2´-

bipyridyl, 1,10-phenanthroline or 4,7-diphenyl-1,10-phenanthroline. These complexes possess 

high quantum yields, relatively long luminescence lifetime under nitrogen saturated 

conditions (~ µs) and large Stokes shifts of approximately 150 nm, and can be excited in the 

blue region of the spectrum47,101-103. In general, transition metal polypyridine complexes are 

ionic dyes and thus are insoluble in organic polymers. They can be incorporated into non-

polar sensor polymer matrix in the form of lipophilic ion pair with ions such as 3-

(trimethylsilyl)-1-propanesulfonate or tetraphenylborate104,105. The other group includes the 

metalloporphyrines. Particularly, Pt2+ and Pd2+ porphyrins are used as oxygen sensitive probes. 
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The lipophilic complexes of Pt2+ and Pd2+ with ligands such as octaethylporphyrin106, 

octaethylporphyrin ketones92,107 or fluorinated porphyrin such as 

tetrakis(pentafluorophenyl)porphyrin (TFPP)108 display strong phosphorescence with high 

quantum yields (0.1 - 0.5) at room temperature, long decay time (40 – 1000 µs), excellent 

photostability of sensing materials (in case of TFPP) and possibility to excite the sensor 

membrane in the near UV and in the visible range of spectrum. 

Thus, the right choice of luminophore and polymer as sensor matrix makes possible to 

tune sensitivity of the oxygen sensors, but also to achieve good compatibility with pH 

indicators in dual sensors.  

   

1.2.3 pH/pO2 Dual Sensors 

 

The number and variety of different optical sensors for simultaneous sensing of two or more 

parameters today is large and growing quickly. Monitoring of multiply analytes is often 

required in clinical, biological and environmental systems. During the last 20 years some 

optical multisensors were developed for controlling parameters such as glucose-oxygen109-111, 

glucose-pH112, pH-oxygen113,114, pH-CO2
115, oxygen-CO2

116, oxygen-temperature117,118 etc. 

Most of them found applications in biotechnology by bioprocess control or in medicine 

(blood analysis). “Multianalyte” sensors comprise either several single-analyte sensors, each 

with its own detector (array sensors), or a sensor bundle with a single detector employing an 

elaborate switching procedure to address each sensor in the bundle119,120. The in vivo use such 

of this sensor bundles is limited because of their large size. Simultaneous measurement of pH, 

CO2 and O2 is also a long-standing goal of industrial – analytical chemists for process control. 

The assessment of fermentation performance is determined presently by measuring such 

parameters as temperature, gas composition, pH and optical density121. The ability of 

measuring simultaneously and at the same position pH and O2 would provide better process 

control and a greater understanding of the chemical dynamics within the reactor. At present, 

only a very limited number of dual sensor systems can provide such measurement122-124.  

 Fiber optic sensors are prepared by immobilizing indicators onto optical fibers125 or by 

immobilizing on a solid support, enveloped by a membrane permeable to gas or ions and 

attached to the end of an optical fiber32. Two different concepts for the sensor membrane 

composition have been used. Firstly, double-layer sensor membranes are known, where the 

sensor chemistry for each of the two analytes is immobilized into separate polymer matrices 

and both sensor layers are coated with each other126. The second type of sensor membrane is a 



1. Progress in Microsensing of pH and pO2 

7 

hybrid membrane where the sensor chemistry of both analytes is immobilized in the same 

single-layer polymer matrix127. The indicators change their optical properties by interacting 

with specific analytes. Optical oxygen sensing is based on fluorescence quenching by 

molecular oxygen, while pH sensing is based on the interdependence of optical properties 

with respect to the equilibrium between the acidic and basic form of a reagent resulting from 

pH changing in the medium. These, in turn, may be monitored by changes in fluorescence 

intensity or light absorption. 

 Due to the nature of a biotechnological process, continuous monitoring is strongly 

preferred over discontinuous analytical methods. At present, electrodes are mainly being used 

as sensors for measuring the parameters such as pH and pO2
128. One can mention the main 

advantages of the optrodes make optical sensors a promising alternative compared to most 

commercially availably electrodes: they can be sterilized (autoclaved); they produce no 

clogging of the membrane with biomass (unlike electrode membranes129); then can be used 

immediately after calibration, whereas the electrodes have to be kept filled with electrolyte 

solution; the consist of organic polymer layers and therefore are much easier to handle and 

cheaper than glass electrodes.    

 

1.2.4 pH/pO2 Dual Microsensors 

 

In biological and environmental samples the measurement of chemical parameters with high 

spatial resolution becomes more and more of interest. The knowledge of their microscale 

distribution is of importance to understand the function and regulation in complex living 

systems. Microsensors (i.e., sensors of < 200 µm diameter) enable an almost non-invasive 

measurement of the chemical conditions in intact biological systems. They can be placed 

inside the body using a protective housing such as a steel needle, and still will remain only 

minimally invasive55.  

Numerous electrochemical and fiber optic microsensors have been described for the 

detection of chemical parameters such as glucose130-132, oxygen133,134, sulfide135, pH136-138, 

nitrate139,140 or nitrous oxide141. A disadvantage that limits a more frequent use of 

microelectrodes is their time-consuming fabrication and high cost. In contrast, are simple to 

design and therefore offer an interesting alternative for chemical sensing with high spatial 

resolution. 

Optical microsensors – also referred to as micro-optodes – were recently introduced in 

the field of biotechnology and aquatic biology and are much easier to fabricate than micro-
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electrodes142. Important biological phenomena, including calcium regulation143, chemotaxis144, 

neuronal activity145, and cell growth and division146,147, and tissue oxygenation148,149 are 

highly dependent on such parameters as pH, oxygen and temperature. The optode technique 

offers a way for simultaneous determination of various relevant chemical and physical 

parameters with a single microsensor. The development of suitable microsensors for 

simultaneous monitoring of more than one parameter is difficult. Ji et al.150 have introduced a 

fiber-optic microsensor for intracellular pH and [Ca2+] measurement. The sensing chemistry 

was immobilized to the distal end of optical fibers with a core size of 50 µm. The 

concentration of the Ca2+ and pH in a sample solution are determined by spectral processing 

of the fluorescence sensing signals. Also the dual microoptodes for determination of dissolved 

oxygen and temperature was described55. This sensor found application in aquatic 

microbiology since. The sensor chemistry is deposited onto the tip of a tapered optical fiber.  

 

 

1.3 Referencing Methods for Measurements of Luminescent Optical 
Sensors 
 

 

Ratiometric (dual-wavelength) measurements are a preferable method compared to single-

intensity based measurements, since the ratio of fluorescence intensities at two wavelengths is 

independent on the total concentration of the dye, photobleaching, fluctuations of the light 

source intensity or the detector sensitivity.   

 

1.3.1 Referencing via Ratiometric Measurements  

 

If two forms of pH indicators in basic and acidic conditions are fluorescent, the ratio of 

emission intensities of these forms can be used as an analytical signal. The most popular 

fluorescent ratiometric pH indicators are 8-hydroxypyrene-1,3,6-trisulfonate (HPTS), 

fluorescein derivatives (carboxyfluorescein, carboxynaphtofluorescein and etc.), SNARF and 

SNAFL. Three different methods for ratiometric measurements depending on the spectral 

characteristics of the indicator are possible:  

- single emission and dual excitation wavelength;  

- single excitation and dual emission wavelength (this principle was used for pH 

indicator described in Chapter 2 and is shown in Fig. 1.1); 

- and dual excitation and dual emission wavelength. 
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Figure 1.1 A typical example of ratiometric approach where excitation is preformed at 
isosbestic point (i. p.) and dual emission is monitored at two different wavelengths.   

 

If only one form (protonated or deprotonated) of a pH indicator is fluorescent, a reference (pH 

independent dye) for ratiometric measurements can be used. This for both dyes alternatively, 

composition, however, requires overlapping emission spectra, but different excitation bands 

or overlapping excitation and different emission bands, in order to achieve efficient separation 

of the emission or excitation intensities (Fig. 1.2). In Chapter 4 the systems excitable with one 

light source, but having dual emission are described.   
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Figure 1.2 A typical example of ratiometric approach in which exitation of 
indicator/reference dye system is performed at a single wavelength and emission of both is 
monitored at two different wavelengths.  
 
 

1.3.2 The Frequency Domain Dual Lifetime Referencing (DLR) and Modified Dual 

Lifetime Referencing (m-DLR) 
 

The frequency domain method151 is a technique that allows precise determination of 

decay time with unsophisticated equipment that is easy to miniaturize. In the frequency 

domain method an indicator is excited by sinusoidally modulated light. Depending on its 

decay time, the luminescence of the indicator has the same waveform but is phase-shifted at a 

given frequency f. The decay time (τ) can be determined via the phase shift Φ according to: 

 

mod2

tan

f⋅⋅

Φ
=

π
τ                                                                                              (1.1) 

 

where fmod is the modulation frequency of the excitation light and τ is the luminescent decay 

time defined as the average time the molecule remains in the excited state before it returns to 

the ground state.  

 Phase modulation technique is most often employed for determination of relatively 

long decay times (in the order of micro- and milliseconds, which is a case for certain 

luminescent probe). Unfortunately, the equipment becomes more complicated, bulky, and 
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costly for determination of short decay times (in the order of nanoseconds) which is typical 

for most indicators for which a high-frequency (MHz range) modulation is a must. 

 In the dual lifetime referencing (DLR) technique152,153 the fluorescence of an indicator 

is referenced against the long-lived luminescence of a standard and thus is converted into 

phase shift information. In this scheme it is mandatory that the absorption and emission 

spectra of both indicators overlap in order to allow (1) simultaneous excitation with one light 

source, and (2) simultaneous detection of luminescence. The reference dye is usually 

immobilized in nanobeads of a gas-impermeable polymer such as polyacrylonitrile (PAN)154 

to avoid quenching by oxygen. The modulation frequency of the excitation light is adapted to 

the lifetime of the long-lived reference. As a result, the fluorescence signal of the short-lived 

indicator follows the modulated excitation light without phase delay, while the modulated 

reference luminescence displays a phase-shift and at the same time undergoes demodulation 

(i.e., decrease of the emission amplitude)155,156, which increases at higher modulation 

frequencies.  

   The phase shift Φm of the overall luminescence depends only on the ratio of intensities 

of the reference luminophore and the indicator dye (Fig. 1.3). The reference luminophore 

gives a constant background signal (ref), and the fluorescence signal of the indicator (ind) 

depends on the analyte concentration. This results in high amplitude in its unquenched state 

(case A) and low amplitude if is quenched by analyte (case B). Therefore, the overall phase 

shift Φm directly reflects the intensity of the indicator dye and, consequently, the analyte 

concentration. The modulation frequency is adjusted to the decay time of the reference dye 

with its long decay time. 
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Figure 1.3 The DLR schema. Phase shift of the overall luminescence (Φm), the reference 
(Φref), and the indicator (Φind). (A) fluorescence of indicator in its unquenched state, (B) 
fluorescence of the indicator in the quenched state. 
 

 

Equation 1.2 results in a linear relation between phase angle Φm and the ratio of Aind/Aref, 

because the phase angle of the reference luminophore Φref  was assumed to be constant. 

Therefore, the phase angle of the overall signal can be taken as a referenced measure for the 

pH-dependent amplitude of the indicator. 

 

ref

ind

ref

refm
A

A
⋅

Φ
+Φ=Φ

sin

1
cotcot                                                                          (1.2) 

 

The response functions for the DLR-based sensors are frequency dependent, i.e., the 

dependence of the phase shift Φ on analyte concentration [A] is represented by a different 

function if the modulation frequency f is changed (Φ = F1([A]) at f1 and Φ = F2([A]) at f2). 

This can be used for designing dual sensors, i.e., sensors capable of simultaneous detection of 

two analytes.   
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When applying the DLR technique to dual sensing, the long-lived luminescent (e.g., oxygen) 

indicator also acts as a reference for a short-lived fluorescent (e.g., pH indicator) so that the 

observed phase shift depends on the concentration of both analytes: Φ = F1([A1], [A2]) at f1.  

The method is referred to as a “modified dual lifetime referencing method” (m-DLR). 

Obviously, it is not possible to separate the information about the concentration of the 

analytes if the measurement is performed at one frequency. However, if calibration is 

performed at two frequencies (which are close to the optimal modulation frequency of a long-

lived indicator), unambiguous signal separation becomes possible.  
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Figure 1.4 Schematic representation of the modified frequency-domain DLR method for 
three situations. Phase are shown for a fluorescent indicator (F; virtually identical to those of 
the light source); for a long-lived luminescent luminophore (L); and for the total signal 
resulting from a mixture of the two (TS). In panel (A), both indicators are in the absence of 
any analytes. In (B), the fluorescence intensity of the short-lived indicator is reduced by an 
analyte. In (C), the emission of the long-lived indicator is partially quenched.    
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A schematic of the m-DLR method operating in the frequency domain is presented in Fig. 1.4. 

The excitation light is sinusoidally modulated, and so is the emission of the indicators. At low 

modulation frequencies (i.e., in the kHz range) the signal of the fluorescent indicator remains 

unaltered (i.e., the phase shift Φ is almost zero). On the other side, the emission of the long-

lived luminescent indicator (µs decay time) is phase shifted. The phase shift Φ1 increases with 

the decay time of the long-lived luminophore.  

 In the conventional DLR method the long-lived luminophore does not respond to any 

analyte, but serves only as an inert reference for the short-lived fluorescence. The overall 

phase shift Φ is thus an average value and can vary between almost zero and Φ1 (the phase 

shift of the long-decaying reference). This value can be fine-tuned by varying the ratio of both 

dyes. When a fluorescent indicator responds to the analyte of interest (pH, CO2, ions, etc.) the 

fluorescence intensity changes (Fig. 1.4B). A decrease in fluorescence intensity, for example, 

corresponds to an increase in overall phase shift. Thus, fluorescence intensity is converted 

into phase shift information.  

 Like in the conventional DLR method, the m-DLR scheme also makes use of a long-

lived reference luminophore. It is, however, not inert and, in fact, acts as a second indicator 

dye. As a result, its shift is not constant anymore but responds to the second analyte (oxygen 

or temperature). This is illustrated in Fig. 1.4C. At higher oxygen concentrations, for example, 

the phase shift Φ1 decreases as the result of quenching (reduction of decay time), and so does 

luminescence intensity of the indicator. Consequently, the overall phase shift decreases too.  

 The following equation originally was derived157 for the compensation of background 

fluorescence. It also allows the calculation of the decay time of a long-lived indicator in the 

presence of a fluorescent one, by measurement of the phase shifts at two different modulation 

frequencies: 
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where Φ1 and Φ2 are the phase shifts at modulation frequencies f1 and f2. This equation can 

also be used to calculate the decay time of the long-lived indicator (and consequently the 

concentration of the second analyte) in m-DLR based dual sensors. Once this parameter is 
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known, the concentration of the first analyte can be calculated as well. This will be 

demonstrated experimentally in Chapter 4.    

 Similar to the conventional DLR scheme, photobleaching of the indicators results in a 

shift of the response curves. While photodecomposition of a fluorescent indicator affects the 

determination of one analyte only, photo-degradation of the long-lived luminophore will 

affect both. Thus, in the case of photo-degradation of the indicators or poisoning of the sensor 

the need of recalibration arises.   

 The homogeneity of the sensor material is critical if the sensing material is used in the 

form of particles. Low homogeneity implies a shift of response curves for different spots of 

the material and therefore results in a bias in accuracy. However, the main advantage of the 

microbead approach consists in the excellent photostability of the materials because any 

singlet oxygen produced by the oxygen indicator cannot easily deteriorate the fluorescent 

indicator in another bead.  

The modified DLR method can be also applied in the time domain measurements158. 

Schroeder et al. have presented a planar optical dual sensor for simultaneous determination of 

pH and pO2. The sensor membrane was fabricated by dissolving the two indicators (a 

lipophilic fluorescein derivate as pH indicator and PtTFPP as oxygen indicator) in a single 

hydrogel polymer matrix. The scheme involves the time-resolved acquisition of images in 

three windows during a series of square-shaped excitation pulses.  Therefore, an iteration 

procedure is necessary to calculate pH and pO2 values from the raw data of the dual sensors.    

 In summary, the m-DLR method is promising for multi-analyte measurement because 

of a relatively simple set-up, and the possibility of sensor miniaturization. 
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Chapter 2 

 

 

Novel Coumarin-Based Fluorescent pH Indicators, Probes and 

Membranes Covering a Broad pH Range  

1 
A new family of coumarin-based pH indicators was synthesized. They are sensitive to pH in 

either weakly acidic or weakly basic solution. The indicators possess moderate to high 

brightness, excellent photostability and compatibility with light-emitting diodes (LEDs). 

The indicators were covalently immobilized on the surface of amino-modified polymer 

microbeads which in turn were incorporated into a hydrogel matrix. When using a mixture 

of two different microbeads, the membranes are capable of optical pH sensing over a very 

wide range comparable to the dynamic range of the glass electrode (pH 1 to 11). (Anal 

Bioanal Chem 2007, 387, 2131-2141) 

 

 

2.1 Introduction 

 

A lot of biological and geochemical processes occurring in freshwater, seawater and marine 

sediments involve strong pH changes1-4. The output of many biotechnological processes (e.g. 

bacterial growth5,6 or sour fermentation of milk7,8) depends on the pH value, which therefore 

needs to be monitored. Furthermore, it is often important to measure the pH in acidic media (e. 

g. for the study of acidic organelles in live cells9,10 or the analysis of acidic soils11,12) or even 

at strongly acidic conditions which are present in the human stomach13,14.  

 The glass electrode is the established tool for pH measurements. However, electrodes 

are limited to single-point measurements and are not suitable for obtaining information on pH 

distribution. Moreover, electrodes are bulky and invasive, and create the risk of electric shock 

during in vivo measurements. Fluorescent pH sensors are a suitable alternative. Such sensors 

can be easily produced in various shapes. The sensing films are suitable for imaging 

experiments. An ideal optical sensor is capable of sensing the concentration of an analyte 
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continuously and reversibly through changes of the optical properties of an indicator15. 

Leaching of the pH indicator from the sensor into the sample can be critical, because most 

indicators are hydrophilic and charged, and the matrix has to be permeable to ions like 

protons. Sensor properties can be substantially improved by using procedures for covalent 

coupling of indicators to appropriate polymer matrices16-18.  

 Most fluorescent optical sensors, however, suffer from several drawbacks compared to a 

glass pH electrode. Firstly, the signal is dependent on the ionic strength (= IS) of the sample 

solution. For some indicators even small changes in the IS can compromise the 

performance19,20, therefore such sensors can only be used at constant IS. Secondly, a glass 

electrode is suitable for pH measurements over a very broad range. Optical sensors allow 

precise pH measurement only over a much narrower region, which is acceptable for most 

applications. However, sometimes it is necessary to determine the pH over a broader 

range21,22. Some attempts have been made to broaden the dynamic range of optical pH sensors, 

for example by using a mixture of absorption-based pH indicators or a single indicator with 

multiple dissociation steps23-25. Most sensors based on individual pH indicators are suitable 

for measurements within 4-5 pH units only26
. A fluorescent pH indicator was reported for 

sensing pH in the broad dynamic range27. This sensor, however, required UV excitation which 

is not suitable for most applications because of its incompatibility with fiber optics. Thus, 

designing a fluorescent sensor for measurements in the broad dynamic range is still of much 

importance.  

 Many examples for optical pH sensing in physiological samples were described28,29. 

Carboxyfluorescein (CF) and its derivates are the mostly used fluorescent pH indicators30-33 

because of their high quantum yields in alkaline solution and compatibility with established 

immobilization protocols on polymer surfaces. CF, however, features only moderate 

photostability, so that continuous measurements over a long period of time result in signal 

drifts. This can become critical in the case of microsensors, where high light densities are 

required. Besides, CF is not suitable for pH measurements in strongly basic or acidic media. 

Only few fluorescent sensors for monitoring of pH in marine systems (pH ∼ 7.2 – 8.2) are 

known1,34,35, other optical pH sensors for this application mainly use absorption as the 

analytical information source36,37. Fluorescent sensors are usually more sensitive and precise 

than those based on absorption. Seminaphthofluorescein (SNAFL) and 

seminaphthorhodafluors (SNARF) are fluorescent indicators which fulfill this requirement38,39. 

The synthesis of these indicators is, however, complicated. Similar to optical pH sensing 

based on absorbance, measurement of slightly acidic pH values with fluorescent indicators is 
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often problematic because few fluorescent indicators meet the requirements of brightness and 

photostability. 

 Here we describe the syntheses and characterization of novel pH-sensitive 

iminocoumarin derivatives. We show that the fluorescent indicators covalently coupled to an 

amino-modified polymer surface can be used successfully in pH sensing for different pH 

ranges.  

 

 

2.2 Experimental 

 

2.2.1 Materials 

 

Most reagents for the syntheses were obtained from Merck (www.merck.de) and were of 

analytical grade. Dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), 

formaldehyde, acetonitrile, triethylamine, 2,4,6-trichlorotriazine and ethanol were purchased 

from Fluka (www.sigmaaldrich.com). Polyurethane hydrogel (type D4) was obtained from 

Cardiotech (www.cardiotech-inc.com). Amino-modified polyacrylamide (AA-Q-N2), 

aminocellulose (AMC) and amino-modified poly(hydroxyethyl methacrylate) (p-HEMA) in 

the form of microbeads (∅ of 1 – 3 µm) were obtained from OptoSense (www.optosense.de). 

A polyethylene terephthalate support (Mylar®, 125 µm thickness) was obtained from 

Goodfellow (www.goodfellow.com). The phosphorescent reference particles (Ru-dpp in 

polyacrylonitrile derivative polymer nanospheres) were obtained from PreSens GmbH 

(www.presens.de). 

 

2.2.2 Synthesis 

 

Fig. 2.1 gives the chemical structures of the synthesized dyes. The synthesis of 

iminocoumarin (I) was reported elsewhere40,41. In essence, it is obtained from 4-

diethylaminosalicylaldehyde and cyanomethylbenzimidazole by heating for 3 h in methanolic 

solution. Piperidine was used as a basic catalyst. Its derivatives were obtained upon 

condensation of І with aromatic aldehydes using the following procedures. 
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Figure 2.1 Chemical structures of the dyes used for the new pH sensors. 

 

Synthesis of 4-(9-diethylamino-5H-7-oxa-4b,6,13-triaza-indeno [2,1-a] anthracen-5-yl)-2-

methoxy-6-nitro-phenol (ACIB): 

0.17 mL (1.7 mmol) of piperidine were added to a suspension of 0.6 g (1.7 mmol) of 7-

diethylamino-3-(2-benzimidazolyl)-iminocoumarin (І) and 0.4 g (4.8 mmol) of dry 

ammonium acetate in 20 mL of dry methyl alcohol. 0.34 g (1.7 mmol) of 4-hydroxy-3-

methoxy-5-nitrobenzaldehyde were added to the stirred suspension. The reaction mixture was 

refluxed for 2 h. After cooling, the yellow precipitate was separated by filtration and 

recrystallized from benzene. MS: m/z for C28H25N5O5, 511.54 calc., 512.3 found. Analysis 

(%) calc./found: C: 65.74/65.94, H: 4.93/5.11, N: 13.69/13.48.  1H NMR (300 MHz, DMSO-

D6): δ, ppm: 10.6 (s, 1H, OH), 8.13 (s, 1H, H(14)), 7.63 (d, 1H), 7.50 (d, 1H), 7.44 (d, 1H), 

7.33 (s, 1H), 7.52 (d, 1H), 7.26 – 7.08 (m, 3H), 6.65 (q, 1H), 6.27 (d, 1H, H(7)), 3.82 (s, 3H, 

OCH3), 3.45 (q, 4H, 2CH2), 1.15 (t, 6H, 2CH3). 

 

Synthesis of 4-(9-diethylamino-5H-7-oxa-4b,6,13-triaza-indeno [2,1-a] anthracen-5-yl)-

benzene-1,3-diol (ACIDA): 

3 ml of piperidine were added to a solution of 0.55 g (1.65 mmol) of І in 30 mL of absolute 

methanol. After formation of a yellow precipitate, 0.21 g (1.65 mmol) of 2,4- 
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dihydroxybenzaldehyde were added. The reaction mixture was refluxed for 30 min. A red 

precipitate was formed after cooling. It was purified by repeated recrystallization from 

absolute methanol. 

MS: m/z for C27H24N4O3, 452.7 calc., 453.4 found. Analysis (%) calc./found: C: 71.67/69.65, 

H: 5.35/5.58, N: 12.38/11.90. 1H NMR (300 MHz, DMSO-D6): δ, ppm: 9.6 (s, 1H, OH), 9.35 

(s, 1H, OH), 8.08 (s, 1H, H(14)), 7.58 (d, 1H), 7.46 (d, 1H), 7.17 (s, 1H), 7.22 – 6.94 (m, 4H), 

6.61 (q, 1H), 6.43 (d, 1H), 6.22 (d, 1H, H(7)), 6.15 (q, 1H), 3.45 (q, 4H, 2CH2), 1.06 (t, 6H, 

2CH3). 

 

Synthesis of 5-(9-diethylamino-5H-7-oxa-4b,6,13-triaza-indeno [2,1-a] anthracen-5-yl)-

benzene-1,3-diol (ACISA):  

3 ml of piperidine were added to a suspension of 0.498 g (1.5 mmol) of І and 0.25 g 

(1.5 mmol) of salicylic aldehyde in absolute methanol. The mixture was stirred for 45 min. A 

yellow precipitate was formed after cooling and purified via recrystallization from methanol. 

MS: m/z for C28H24N4O4, 480.5 calc., 481.3 found. Analysis (%) calc./found: C: 69.99/66.89, 

H: 5.03/6.43, N: 11.66/11.69. 1H NMR (300 MHz, DMSO-D6): δ, ppm: 8.23 (s, 1H, OH), 

8.13 (s, 1H, H(14)), 7.60 (d, 1H), 7.55 (d, 1H), 7.47 (d, 1H), 7.21 – 7.03 (m, 5H), 6.62 (q, 1H), 

6.57 (d, 1H), 6.45 (d, 1H, H(7)), 3.45 (q, 4H, 2CH2), 1.15 (t, 6H, 2CH3). 

 

2.2.3 Preparation of the pH-Sensitive Sensor Beads and Sensor Membranes 

 

Table 2.1 summarizes the materials used for the various pH sensors. The sensor membranes 

(M) are made of sensor beads (B) in a hydrogel matrix. The membranes are obtained by 

spreading water/ethanol solutions of the sensor membrane material onto a solid transparent 

support (such as polyethylene terephthalate or glass) and allowing the solvent to evaporate to 

give sensor membranes M of a thickness of ~10 µm. 
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Table 2.1 Probes and materials for the preparation of pH –sensitive membranes and pKa 
values of the pH membranes. 
 

Code Indicator –loaded bead (B) or bead – loaded sensor membrane (M) pKa 

B-1 ACIB on AA-Q-N2 microbeads - 

B-2 ACIB on AMC microbeads - 

B-3 Iminocoumarin on AMC microbeads - 

B-4 Iminocoumarin on p-HEMA microbeads - 

B-5 ACISA on AMC microbeads - 

B-6 ACISA on p-HEMA microbeads - 

M-1 ACIB on AA-Q-N2 microbeads suspended in an ~ 10 µm layer of 

hydrogel 

3.65 

M-2 ACIB on AMC microbeads suspended in an ~ 10 µm layer of 

hydrogel 

3.36 

M-3 Iminocoumarin on AMC microbeads suspended in an ~ 10 µm layer 

of hydrogel 

7.30 

M-4 Iminocoumarin on p-HEMA microbeads suspended in an ~ 10 µm 

layer of hydrogel 

8.42 

M-5 ACISA on AMC microbeads suspended in an ~ 10 µm layer of 

hydrogel 

2.67 

M-6 ACISA on p-HEMA microbeads suspended in an ~ 10 µm layer of 

hydrogel 

3.80 

M-7 B-2 and B-4 particles in an ~ 10 µm layer of hydrogel   

 

Immobilization of ACIB via a Mannich reaction: 

The immobilization procedure for the indicators via the Mannich reaction was adapted from 

Hermanson42. 10 mg of ACIB were dissolved in 5 mL of ethanol/water solution (1:1, v/v) 

containing 50 µL of 36 % HCl. Then 200 µL of a 37% aqueous solution of formaldehyde 

were added. 300 mg of amino-modified polymer beads (AA-Q-N2 and AMC) were added to 

the solution and stirred at 60 °C for 12 h. The particles were separated from the solution by 

centrifugation and washed several times with water and ethanol until the washing ethanol 

became colourless. The particles were dried at ambient air to give pH-sensitive particles B-1 

and B-2.    

  In order to obtain the membranes M-1 and M-2, 15 mg of the beads B-1 and B-2, 

respectively were added to 600 mg of a 5% (wt/wt) solution of hydrogel in ethanol/water (9:1, 
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v/v). The cocktail was spread as an approximately 120 µm thick film onto a polyester support 

of 125 µm thickness. After evaporation of the solvents, the yellow-colored films had a 

thickness of 10 µm (as calculated from the employed amounts).  

 

Immobilization of I 

The immobilization was performed in two steps (see Fig. 2.2). First, the triazine moiety was 

attached to the surface of the polymer beads (amino-modified p-HEMA or AMC). 10 mg of 

2,4,6-trichlorotriazine were dissolved in 3 mL of acetonitrile, and 100 mg of the polymer 

were added. The suspension was stirred for 12 h at room temperature. After stirring, the 

polymer powder was filtered and dried under vacuum.  

 The second step involves attachment of the indicator to the triazine linker. The 

corresponding polymer beads obtained in the first step were added to a solution of the dye 

(2 mg of I and 20 µL of triethylamine in 2 mL of DMF for AMC, or 4 mg of I and 40 µL of 

triethylamine in 2 mL of DMF for amino-modified p-HEMA). The suspension was stirred for 

1 h at 50 °C. The particles were separated from the solution by centrifugation and washed 

several times with water and ethanol until the solvents remained colourless. The particles 

were dried at ambient air to give the sensor beads B-3 and B-4. 

 The preparation of the respective sensor membranes was similar to M-1. 15 mg of beads 

B-3 (B-4) were added to 600 mg of a 5% (wt/wt) solution of hydrogel in ethanol/water (9:1, 

v:v). The cocktail was spread as an approximately 120 µm thick film onto a 125 µm polyester 

support. After evaporation of the solvents, the yellow-colored films M-3 and M-4 had a 

thickness of 6 µm.  
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Figure 2.2 Immobilization of iminocoumarin on microbeads of AMC or amino-modified p-
HEMA surface: (1) acetonitrile, 12 h at r.t.; (2) DMF and triethylamine, 1 h at 50 °C. 
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Immobilization of ACISA: 

ACISA was covalently attached to the surface of the beads using a standard peptide coupling 

procedure43. First, 150 mg of amino-modified polymer beads (AMC, p-HEMA) were added to 

3.0 g of a saturated aqueous solution of Na2CO3 and the suspension was stirred overnight. 

3 mg of DCC, 3 mg of NHS, 3 mg of the dye and 10 µL of triethylamine were dissolved in 

1 mL of DMF and the solution was also stirred overnight. Then, the suspension and the dye 

solution were mixed and stirred for 2 h. The particles were separated from the solution by 

centrifugation and washed several times with water and ethanol until the washing ethanol was 

colorless. The particles were dried at ambient air to give pH-sensitive beads B-5 and B-6.  

      

2.2.4 Preparation of the Ratiometric Sensing Material 

 

15 mg of the ACISA-based pH-sensitive beads B-5 and B-6, respectively were added to 

600 mg of a 5% wt. solution of hydrogel D4 in ethanol/water (9:1, v/v). This sensor cocktail 

was stirred overnight, then knife-coated onto the polyester support and dried at ambient air to 

obtain the sensor films M-5 and M-6 with a thickness of about 10 µm. 

 

2.2.5 Preparation of the Mixed-Indicator pH Sensitive Sensor Membrane  

 

20 mg of the iminocoumarin/p-HEMA particles B-4 and 2 mg of ACIB/AMC microbeads B-2 

were added to 600 mg of a 5% wt/wt solution of hydrogel D4 in ethanol/water (9:1, v/v). The 

cocktail was stirred overnight at room temperature and then knife-coated onto a polyester 

support to give the pH-sensitive sensor membrane M-7.  

 

2.2.6 Instruments and Measurements  

 

Fluorescence excitation and emission spectra as well as titration plots of the sensor foils were 

acquired with an Aminco-Bowman Series 2 luminescence spectrometer (www.thermo.com) 

equipped with a continuous wave 150 W xenon lamp as light source and with a home-made 

flow-through cell44, (see Fig. 2.3). A piece of sensor foil was placed into the cell and the 

buffer solutions were allowed to pass through it at a rate of 1 mL·min-1. The sample solutions 

were transported by a Minipuls-3 peristaltic pump (www.gilson.com) via a silicone tube (∅ 

1.0 mm). Absorption spectra were acquired on a Hitachi U-3000 UV-VIS spectrophotometer 

(www.hitachi-hitec.com). 
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Figure 2.3 Schematic representation of the instrumental set-up. 

 

Fluorescence quantum yields were evaluated using an aqueous solution of fluorescein as the 

standard (0.1 M NaOH, QY = 0.945).  

 The pKa values of the indicators were determined by fluorimetric titration using the 

Boltzmann equation46:  

                                            ,
101 max/)(

minmax A
AA

I
bpKpH a

+
+

−
=

−                                                (2.1) 

where I is fluorescence intensity, Amax and Amin are the intensities for the protonated and 

deprotonated forms of the indicator, respectively, and b is the numerical coefficient.  

 Photostability of the indicators (ethanol/aqueous buffer, 1/1 v/v, pH 2) was studied in 

comparison to carboxyfluorescein (ethanol/aqueous buffer, 1/1 v/v, pH 9) using a high 

pressure mercury lamp (Osram HBO 200 W, www.osram.com). The 436 nm emission line 

was isolated with a combination of a BG 25 band pass glass filter (Schott, www.schott.com) 

and GG 420 long pass glass filter (Schott).  

 For the preparation of the buffer solutions, doubly distilled water was used. The pH of 

the buffer solutions was adjusted using a Knick digital pH meter (www.knick.de) calibrated at 
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20 ± 2 °C using standard buffers of pH 7.0 and 4.0 (www.merck.de). The pH was adjusted to 

the desired values using MOPS (for pH 6 to 10) and MES (for pH 2 to 5) buffer salts. The 

buffers were adjusted to constant ionic strength (I  = 140 mM) using sodium chloride as the 

background electrolyte47.  

 

 

2.3 Results and Discussion 

 

2.3.1 Spectral Properties of the pH Indicators in Solution 

 

Absorption and emission spectra of the indicator ACIB at different pH values are shown in 

Fig. 2.4A. The spectral properties of the dye are strongly dependent on the pH value. 

Protolytic equilibria are illustrated in Fig. 2.4B. Three forms of the indicator can be 

distinguished. 
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Figure 2.4 A. Absorption and emission spectra of ACIB at pH values from 2 to 10, using a 
solution of the indicator in an ethanol – water mixture (1:1, v/v), λex = 470 nm; B. Protolytic 
equilibria of ACIB in solution.  
 

Only the acidic and the neutral forms display fluorescence. The imino group of the 

fluorescent acidic form of the dye (λmax = 510 nm) is deprotonated in slightly acidic media 

(pKa ~ 3) which results in a hypsochromic shift of the absorption band (λmax = 450 nm). The 

second step involves dissociation of the peripheral hydroxy group of the benzoic ring. Here, 

no change in the absorption spectrum is observed, the fluorescence is, however, quenched 

(Fig. 2.5). This can be attributed to photoinduced electron transfer (PET)48. The fluorimetric 

titration of ACIB at different excitation wavelengths confirms the above equilibria (Fig. 2.5). 

When excited at 470 nm, the fluorescence intensity undergoes a 25-fold decrease in two steps 

on changing pH from 2 to 12, showing pKa values of 2.7 and 7.8. While the first step involves 

equilibrium between the two fluorescent forms, the second step results in complete quenching 

of fluorescence. However, when the dye is excited at 505 nm or 520 nm, where only the 

acidic form absorbs, no second step is observable. Because titration in two steps is 

undesirable, excitation at ∼ 505 nm, which can be performed by a cheap blue-green LED, is 

preferred.  

 

B. 
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Figure 2.5 Titration plots of ACIB at different excitation wavelengths 470, 505 and 520 nm 
(λem = 540 nm). The ionic strength of the buffer solution was 140 mM. 
 

The titration plots of ACIDA are similar to ACIB and show fluorescence changes in two steps 

from pH 2 to 11 at excitation at 490 nm (pK1 = 3.80 and pK2 = 9.02). Likewise, the titration 

shows only one pKa value (3.84) when the dye is excited at 507 nm (Fig. 2.6B). The emission 

of the indicator in solution is shown in Fig. 2.7.  
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Figure 2.6 A, absorption spectra of ACIDA at pH from 2 to 9 in an ethanol – water mixture 
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(1:1, v/)); B, titration plots of ACIB at different excitation wavelengths 490 and 507 nm (λem 
= 540 nm). The ionic strength of the buffer solution was 140 mM. 
 

 

 

Figure 2.7 Photography of the emission of indicator ACIDA in ethanol-water mixture (1:1, 
v/v) from pH 2 to 10. 
 

The absorption spectra of ACISA (Fig. 2.8A) are similar to the absorption spectra of ACIB 

Fig. 2.4A and ACIDA Fig. 2.6A. The isosbestic point is observed at 477 nm. Both the 

protonated and the deprotonated form are emissive (Fig. 2.9A). Unlike ACIB and ACIDA, no 

quenching is observed at basic conditions. The fluorescence intensity remains constant when 

increasing pH from 5 to 12 (Fig. 2.9A). It is likely that the dissociation of the COOH group of 

the phenyl ring prevents dissociation of the OH group, and thus the PET effect. ACISA, 

therefore, can be used as a ratiometric pH indicator. Fluorescence intensity is an ambitious 

parameter, because it is strongly influenced by the intensity of the excitation light, the dye 

concentration, turbidity of the probe, scattering etc. Ratiometric measurement overcomes 

these drawbacks. When excited at the isosbestic point, the ratio of the luminescence 

intensities at 502 and 537 nm (corresponding to the maxima of the basic and acidic forms) is 

dependent only on the pH (Fig. 2.9B). A linear dependence was observed in the pH range 2.5 

– 4.5. At a pH higher than 6.0 the ratio remains constant. 
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Figure 2.8 Absorption spectra of ACISA in ethanol – water solution (1:1, v/v) at pH values 
from 1 to 11. 
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Figure 2.9 pH dependence of the fluorescence of the ACISA indicator: A, emission spectra in 
ethanol : aqueous buffer (1:1, v/v), IS 140 mM, λexc = 477 nm; B, dependence of the intensity 
ratio. 
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The spectral properties of the indicators are summarized in Table 2.2. As mentioned above, 

the protolytic equilibria for ACIB and ACIDA involve three forms of the indicators. The 

basic form is non-emissive due to the PET effect. Although the intermediate forms of ACIB 

and ACIDA are fluorescent, it is impossible to determine the fluorescence quantum yields 

precisely, because the equilibrium includes the two other forms. The obtained smaller 

quantum yields of the ACIB dye compared to ACIDA and ACISA are attributed to the 

quenching effect of the nitro group in the benzene ring. 

 

Table 2.2 Spectral properties of the pH indicators in ethanol – aqueous buffer (1 : 1, v/v) 
solution.  

Acidic form (pH 2) Basic form (pH 11) Dyes 

λmax
abs ε, ·M-1·cm-1 λmax

em Φem λmax
abs ε, ·M-1·cm-1 λmax

em Φem 

I 480 62900 520 0.51 430 48400 480 0.88 

ACIB 510 64100 540 0.18 452, 474 54000 505 < 0.01 

ACIDA 500 58400 539 0.50 444, 465 41300 500 < 0.01 

ACISA 507 55400 537 0.56 447, 471 46400 502 0.89 

 

 

2.3.2 Photostability of the pH Indicators 

 

Photostability is one of the critical criteria of luminescent indicators, particularly of 

fluorescent ones. Generally, measurement of the decay time of long-lived luminescent 

indicators (e.g. oxygen or temperature indicators) has become very popular and is now 

possible with unsophisticated and comparatively cheap equipment. Photodecomposition of 

such indicators always results in lower luminescence intensity, but not necessarily in a drift of 

the decay time. It is often only slightly or not at all affected by partial decomposition. The 

situation is, however, different in case of short-lived fluorescent indicators. Fluorescence 

intensity is influenced by many factors as discussed above. Therefore, different referencing 

techniques were developed. The fluorescence intensity can be referenced against the 

intensity49,50 or the decay time (in the Dual Lifetime Referencing method, see Chapter 3)51-53 

of another luminophore. It is evident that photodecomposition of the fluorescent indicators 

will severely affect the referenced data as well.  

 Photostability of the novel pH indicators was tested using carboxyfluorescein as a 

standard, which is by far the most popular fluorescent indicator (Fig. 2.10).  After 60 min of 
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continuous illumination using a mercury lamp, the fluorescence intensity was reduced by 10 – 

13 % for all of the presented indicators. Under the same conditions, a ∼ 65 % decrease in 

fluorescence intensity was observed for carboxyfluorescein. Thus, the coumarin 

chromophores possess superior photostability.  
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Figure 2.10 Photobleaching of the pH indicators. The solutions were irradiated by the 436 nm 
line of a mercury lamp, the fluorescence was measured at 530 nm (λexc = 490 nm). 
 

 

2.3.3 pH-Sensitive Membranes  

 

Excellent photostability, relatively high brightness and good compatibility with inexpensive 

light-emitting diodes (470 nm and 505 nm LEDs) make the indicators suitable for the 

preparation of membranes for pH-sensing in different ranges.  

 A polyurethane hydrogel was selected as the polymer matrix, because this 

biocompatible material has excellent ion permeability54, good mechanical properties and high 

stability at various pH values and temperatures. Although the pH indicators can simply be 

dissolved in the matrix, this is undesirable because of potential leaching into the sample. 

Leaching can be prevented by using dyes containing highly lipophilic moieties55,56, or by 

covalent immobilization of the indicators on the surface of a polymer/polymer microbeads33,57, 

58. Such microbeads can then be easily dispersed in the matrix together with a reference 

luminophore.  

 Although the pKa of the probe is mainly influenced by the properties of the indicator 
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itself, the material of the polymer particles can shift the pKa significantly as well. Therefore, 

three different dye-polymer combinations were investigated. We used polymer microbeads of 

aminocellulose (AMC), an amino-modified polyacrylamide derivative (AA-Q-N2) and an 

amino-modified poly(hydroxyethyl) methacrylate (p-HEMA). They differ significantly in 

their properties, particularly with respect to polarity and charges at the surface. The titration 

curves for the probes obtained by covalent immobilization of ACIB via the Mannich reaction 

on the surface of AA-Q-N2 and AMC microbeads are shown in Fig. 2.11 (1 and 2).  The pKa 

values calculated using eq. 2.1 are 3.65 and 3.36, respectively. The titration curves show only 

one inflection point at pH 3.5 at an excitation wavelength of 500 nm, which is comparable 

with the characteristics of the dye in solution. 

 The pKa values are slightly higher for the immobilized form of the dye compared to the 

values in aqueous solution (pKa = 2.8). Usually, a small increase in pKa is observed upon 

covalent59 or electrostatic60 immobilization of an indicator, which is attributed to the decrease 

in the polarity of the microenvironment. Due to their low pKa values, both probes are suitable 

for pH monitoring during sour fermentation of milk or analyses of acidic soils. 
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Figure 2.11 Titration curves for the pH-sensitive membranes: 1, ACIB/AMC (M-2) λex = 495 
nm, λem = 520 nm; 2, ACIB/ AA-Q-N2 (M-1) λex = 500 nm, λem = 530 nm; 3 and 4, 
iminocoumarin/AMC (M-3) and iminocoumarin/p-HEMA (M-4), respectively λex = 488, λem 
= 520 nm. 
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For many important applications such as measurements of pH in seawater or marine 

sediments (which are slightly basic) it is necessary that the pKa values of a pH-sensitive probe 

are in the pH range from 7 to 9. The titration curves for iminocoumarin immobilized via a 

triazin linker onto the surface of AMC (pKa of 7.30) and p-HEMA (pKa of 8.42) are shown in 

Fig. 2.11. Again, immobilization of the indicator results in increase of the pKa compared to 

the indicator in solution (pKa = 7.0), the effect being more significant for the less polar p-

HEMA.  

  While the polymer microbeads B-2 (ACIB/AMC) and B-4 (iminocoumarin/p-HEMA) 

are suitable for the determination of pH in acidic and basic media, respectively, mixing the 

beads results in an indicator system (M-7), which possesses sensitivity to pH over a broad 

range, similar to the dynamic range of the glass electrode (Fig. 2.12). 
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Figure 2.12 pH dependence of the fluorescence intensity of the mixed indicator sensor 
membrane M-7 and calibration plot of the glass electrode at 25 °C (linear). The curve 
represents a fit via eq. 2.3.  
 

The titration curve presented in Fig. 2.12 is actually a combination of two sigmoidal response 

curves described by eq. 2.1. Because the overall intensity I is a sum of the intensities of the 

components I1 and I2, the following equation is valid: 
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Assuming that 1
minA = 2

maxA and coefficients b1 and b2 are similar the equation can be 
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transformed into the following form: 
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The above equation describes the experimental dependence very well (correlation coefficient 

r2 is 0.9998). The following fit parameters are obtained by fitting (with Microcal™ Origin® 

6.0): 1
maxA = 7.19, 2

maxA = 2.03, 2
minA = −1.35, 1

apK = 3.47, 2
apK = 8.45, b = 1.63. Although 

the pKa values are very close to those obtained for the individual probes (3.36 and 8.42 for B-

2 and B-4, respectively), the fit parameters ,1
maxA

2
maxA and 2

minA are smaller than expected. 

Nevertheless, excellent fitting is achieved.  

 The equilibrium response times (t95) for the sensor based on the mixture of microbeads 

of types B-2 and B-4 as well as for those based on individual microbeads do not exceed 25 s 

when going from pH 12 to pH 2, and 60 s for the reverse direction. Such response times are 

typical for most optical pH sensors reported in literature33,17,61. 

 It is necessary to stress that the presented sensor membrane (M-7) for a broad region of 

pH is only a model which is hardly suitable for practical purposes because of the drawbacks 

of fluorescence intensity measurements. One of the possible solutions for obtaining 

reproducible signals is a ratiometric system using an inert fluorescent dye with an absorbance 

similar to that of the pH indicators and a red-shifted emission (e.g. rhodamines or 4-

dicyanomethylene-2-methyl-6-(p-(dimethylamino)styryl)-4H-pyran (DCM)). Alternatively, a 

DLR scheme can be applied. 

 The behavior of the ACISA indicator coupled to the polymer surface via amide linkage 

is similar to what was observed for the indicator solution (Fig. 2.9). Similarly, when the 

intensity ratio of the two forms of the indicator (I501/I534; λmax are 501 and 534 nm for the 

basic and the acidic forms, respectively) is plotted vs. pH, a linear part is observed (Fig. 2.13). 

Again, the less polar p-HEMA favors higher pKa values than aminocellulose (3.80 and 2.67 

for M-6 and M-5, respectively).  
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Figure 2.13 Response of ACISA to pH; 1, ACISA/AMC beads M-5 and 2, ACISA/p-HEMA 
beads M-6 (λexc = 477 nm). 
 

As was shown, the ACISA-based pH-sensitive microbeads do not need any additional 

referencing to obtain unbiased pH values.  

 

 

2.4 Conclusion 

 

Several iminocoumarin derivatives were synthesized, which represent a new type of 

fluorescent pH indicators. The indicators possess moderate to high brightness, excellent 

photostability and are compatible with commercially available LEDs. In each case, two forms 

of the indicators are fluorescent, which was used for the design of a ratiometric sensor in the 

case of the ACISA dye. In case of ACIB and ACIDA, a PET effect is observed at higher pH 

which results in quenching of fluorescence. The titration curves are highly dependent on the 

excitation wavelength and show two inflection points when excited at ∼470 nm, but only one 

inflection point when excited by a 505-nm LED.  

 We have shown that all of the presented indicators can be immobilized onto the surface 

of polymer microbeads using different procedures yielding pH-sensitive microparticles. ACIB, 

ACIDA or iminocoumarin-containing fluorescent microbeads can be dispersed in 
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polyurethane hydrogel together with reference luminescence particles to obtain a DLR sensor. 

Due to the possibility of ratiometric self-referencing the ACISA-based microbeads do not 

require a reference dye. The sensing membranes are suitable for measuring pH in different 

ranges, the properties being mainly influenced by the nature of the pH indicator used, but also 

by the material of the polymer. Generally, a shift to higher pKa is observed for polymers of 

lower polarity. A sensor membrane was introduced, which is based on the mixture of two 

different pH-sensitive microbeads (iminocoumarin/p-HEMA and ACIB/AMC) and makes pH 

measurements in the broad range of pH from 1 to 11 possible.  Therefore, the covered range is 

comparable to a glass electrode.   

 The materials are promising for pH-sensing in seawater and marine environments 

(iminocoumarin-based microparticles), as well as in acidic soils and upon sour fermentation 

of milk (ACIB, ASIDA and ACISA-based microbeads). 
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Chapter 3 

 

 

Dual Lifetime Referenced Sensor Membranes for Fiber Optic 

Determination of pH Using Microbeads and Nanoparticles 
 

This chapter describes the application of new pH-sensitive membranes based on 

fluorescence lifetime measurement via the DLR method. A membrane has been developed 

that contains a pH indicator with a short decay time and an inert reference dye with a long 

decay time. Both dyes are embedded in microbeads which are contained in a hydrogel 

matrix. The luminescence of both dyes is excited by sinusoidally modulated light. The 

corresponding, pH-dependent emission intensity is also sinusoidal, and the resulting phase 

shift depends on the intensity ratio of the two luminophores. The fluorescence intensity of 

the pH indicator is the only variable parameter; therefore the phase shift is directly related 

to the analyte concentration.    

 

 

3.1 Introduction 

 

Fluorescence sensing is a rapidly expanding area and is widely used in biotechnology. Most 

sensing applications rely on measuring changes in fluorescence emission intensity. However, 

measuring the absolute intensity of fluorescence has proven to be a difficult task - it depends 

on too many factors, like intensity of the excitation light, concentration of the fluorescent dye, 

length of the optical path, primary and secondary inner filter effects, and quenching1. One 

possible solution is the use of lifetime measurements; however, most available dyes have 

lifetimes in the nanosecond to picoseconds range. Measurements on this time scale require 

complex and sophisticated equipment2. Furthermore, not every fluorescent dye that responds 

to an analyte changing its intensity exhibits a significant lifetime change. Another possible 

approach is to use ratiometric probes; however there are only a few, mostly for pH3-6, 

calcium7, and chloride8. Mixing two fluorophores having distinctly different spectra 

(excitation or emission) is also possible. The fluorophores should respond in opposite 
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directions to the analyte concentration9 or one of them should serve as an analyte-insensitive 

reference10. However, a specific problem is the requirement for a relatively narrow bandwidth 

of the excitation or the emission. If the demand is not met, the overlap of the spectra 

decreases the sensitivity of the measurement. A narrow bandwidth results in low light 

intensities, which imposes the use of highly sensitive photodetectors (photomultipliers or 

CCD-based detectors). 

Another approach is to use modulated excitation light11,12 as in the Dual Lifetime 

Referencing (DLR) method13,14. In this scheme, two fluorophores with significantly different 

lifetimes, and overlapping spectra are used. The ratio of the intensities of the two dyes is 

converted into a phase shift that depends on the differences in the decay times of the two 

luminophores, namely that of the fluorescent probe (indicator; τind ~ several ns) and that of an 

added phosphorescent reference dye (τref ~ several µs), respectively11,15. Furthermore, this 

method does not require exclusion of ambient light which allows for measurement in real-

time applications.  

Suitable reference dyes for the DLR scheme are metal ligand complexes of ruthenium 

(II), osmium (III), rhenium (II), europium (III), terbium (III), platinum (II), and palladium (II). 

These metal complexes possess decay times in the microsecond or millisecond range and their 

luminescence is usually is not affected by the analyte. The problem of cross-sensitivity 

towards oxygen can be solved by incorporating the metal complex into nanobeads or 

polymers with very low oxygen permeability. In this work, the ruthenium(II)-tris-4,7-

diphenyl-1,10-phenanthroline complex (Ru(dpp)3
2+) dissolved in polyacrylnitril (PAN) beads 

with a diameter of 100 nm was used to reference the intensity of a carboxyfluorescein-loaded 

PAN polymer acting as the pH-sensitive element. Optical pH sensors based on HPTS as the 

sensitive fluorophore and Ru2+-PAN-beads as reference dye have been already decribed16 and 

are now commercially available, HPTS is known to display a strong cross-sensitivity towards 

ionic strength.  

Another approach using the DLR method is the time domain. An imaging pH sensor 

based on fluorescein using the t-DLR scheme has been published17. However, the t-DLR 

system can only be used together with a complex and expensive set-up which allows time-

gated measurements, whereas the set-up for the frequency domain DLR method is much 

cheaper. In this chapter, novel amino-modified polymers, based on polyacrylamide were 

loaded with pH-sensitive dyes and embedded into charge-free hydrogel together with 

phosphorescent reference particles. The resulting sensors were characterized by means of a 
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phase detection device (PDD 505) and showed a high photostability and only small to no 

cross-sensitivity towards ionic strength. 

 

 

3.2 Material and Methods 

 

3.2.1 Chemicals 

 
The pH indicators 5(6)-carboxyfluorescein (CF), 5(6)-dichlorocarboxyfluorescein, and the 

chemicals N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), 

dimethylformamide, chloroform, triethylamine, acetonitrile, 2,4,6-trichlortriazine and ethanol 

were purchased from Fluka (www.sigmaaldrich.com). The polyurethane hydrogel of type D4 

was obtained from Cardiotech (www.cardiotech-inc.com), amino-modified poly(hydroxyethyl 

methacrylate) (p-HEMA) and the Ru(dpp)3
2+-PAN derivates beads (reference particles) from 

OptoSense (www.optosense.de). The inert and optically transparent poly(ethylene 

terephthalate) support foils (Mylar®, thicknees 125 µm) were  obtained from Goodfellow 

(www.goodfellow.com). Ethanol, sodium hydroxide and hydrochloric acid were of analytical 

grade.  

 

3.2.2 Apparatus 

 

Emission spectra as well as response curves of the sensor foils were acquired with an 

Aminco-Bowman Series 2 luminescence spectrometer (www.thermo.com) equipped with a 

continuous wave 150 W xenon lamp as light source and with a home-made flow-through 

cell18. A piece of sensor foil was placed into the cell and the buffer solutions were allowed to 

pass through it at a rate of 1 ml min-1. The sample solutions were transported by a Minipuls-3 

peristaltic pump (www.gilson.com) via a silicone tube (∅ of 1.0 mm).  

 A spot of the sensor membrane MDLR (MCF, MDCCF or MIC: membranes for DLR 

measurements, containing a pH-sensitive indicator and an inert reference dye) with a diameter 

of 2.0 mm was glued onto the tip of a 2 mm PMMA bifurcated fiber (from GP Fiber Optics; 

www.gp-fiberoptics.de). A cross section of the resulting film is shown in Fig. 3.1 A. The 

other ends of the fiber were attached to a 505 nm LED and to a photodiode, respectively. The 

experimental setup is schematically shown in Fig. 3.1 B.  
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A. 

 

 

 

 

B. 

 

 

 

 

 

 

 

 

Figure 3.1 A. Scheme of a DLR sensor membrane for optical sensing of pH. B. Optical setup 
and components. LED: Light-emitting diode; FM: Frequency modulator; PD: Photodiode; F1 
and F2: Optical filters; FO: Fiber-optic cable; SM: Sensor membrane MDLR (glued to the tip of 
the fiber with silicone grease). The luminescence of the beads in the sensor membrane SM is 
excited through the fiber, and a fraction of their total emission is guided back through the 
fibers to a photodiode detector where phase shifts are determined.  
 

Luminescence phase shifts of the fiber optic sensor (see Fig. 3.1 B) were measured with a 

phase detection device PDD-505 (from Presens GmbH; www.presens.de). Light of a 505 nm 

LED is filtered through a short-pass filter F2 (BG 12; from Schott). The dual luminescence of 

material MDLR was filtered through a 570-nm long-pass filter F1 (OG 570, Schott). The fiber 

sensor was immersed into a 100-ml glass beaker containing 30 ml of a buffer solution of 

defined pH. 

 

3.2.3 Buffer Preparation  

 

Doubly distilled water was used for the preparation of the buffer solutions. Their pH was 

controlled with a digital pH meter (Knick, www.knick.de) calibrated at 20 ± 2°C with 

standard buffers of pH 7.0 and 4.0 (Merck; www.merck.de). The pH of solutions was adjusted 

to the desired value using MOPS buffers which were adjusted to a constant ionic strength (IS 

= 25 or 140 mM) using sodium chloride as the background electrolyte19. 
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3.2.4 Covalent Immobilization of the Indicators on Polymer Beads 

 

Carboxyfluorescein (CF) was covalently attached to the surface of the polymer particles by 

standard procedure20. Specifically, 300 mg of amino-modified p-HEMA were dispersed in  

5 ml of water and 5 mg of CF were added to the suspension. After stirring for 10 min, 5 mg of 

EDC were added. The resulting suspension was stirred for another 2 h at room temperature. 

The particles were separated from the solution by centrifugation and washed several times 

with water, pH 4 buffer, pH 9 buffer, and ethanol until the washing solvent remained colorless. 

The resulting beads were dried at ambient air to give the pH-sensitive material CF/p-HEMA. 

Dichlorocarboxyfluorescein (DCCF) was covalently attached to the surface of the 

beads using a standard peptide-coupling procedure21.150 mg of amino-modified polymer 

beads (p-HEMA) were added to 3.0 g of saturated aqueous solution of Na2CO3 and the 

suspension was stirred overnight. 3 mg of DCC, 3 mg of NHS, 3 mg of the dye and 10 µl of 

triethylamine were dissolved in 1 ml of DMF and the solution was also stirred overnight. 

Then, the suspension and solution of the dye were mixed together and stirred for 2 h. The 

particles were separated from the solution by centrifugation and washed several times with 

water and ethanol until the washing ethanol was colorless. The particles were dried at ambient 

air to give the pH-sensitive beads DCCF/p-HEMA.  

The preparation of pH-sensitive particles with iminocoumarin immobilized on the 

amino-modified polymer beads p-HEMA with 2,4,6-trichlortriazine as linker was described in 

Chapter 2.2.3. 

 

3.2.5 Membrane Preparation 

 

For the preparation of the sensor membranes, 20 mg of beads of either CF/p-HEMA, 

DCCF/p-HEMA or ImC/p-HEMA, respectively, were added to 600 mg of a 5% wt/wt 

solution of hydrogel in an ethanol/water (9:1, v:v) mixture. The mixture was vigorously 

stirred overnight at room temperature. PAN-based reference particles were added to the 

hydrogel cocktail of the respective polymer. About 100 µl of each sensor cocktail were knife-

coated onto dust-free 125 µm polyester support as shown in Fig. 3.2. 120 µm spacers were 

used to set the thickness of the layer. Table 3.1 gives information about the composition of the 

membranes.  
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Table 3.1 Membrane compositions; m is the mass of dyed polymer beads or reference 
particles [mg] incorporated in 300 mg of 5% wt. solution of hydrogel D4 in ethanol/water (9:1, 
v/v). 
 

 

Membrane 

 

pH-sensitive beads 

 

DLR particles 

m(dyed polymer) / 

m(ref. partic.)  

M1 CF/p-HEMA — 20 
M2 DCCF/p-HEMA — 20 
M3 ImC/p-HEMA — 20 
MCF CF/p-HEMA Ru(dpp)3

2+/PAN deriv. 25 / 2.5 
MDCCF DCCF/p-HEMA Ru(dpp)3

2+/PAN deriv. 15 / 10 
MIC ImC/p-HEMA Ru(dpp)3

2+/PAN deriv. 10 / 2.5 
 

 

 
 

Figure 3.2 View of the knife-coating device: A- pipette containing the membrane cocktail; B- 
coating device; C- spacer and D- polyester support (Mylar). 
 

 

3.2.6. Dual Lifetime Referencing Frequency-Domain (DLR) Method  

 

The complete description of the DLR scheme for the pH-sensitive membrane is represented in 

Chapter 1.3.2. In the sensing scheme used here, two luminophores are incorporated into a 

hydrogel membrane. The pH-sensitive indicator has a short decay time (τind); the pH-

independend reference dye Ru(dpp)3
2+) a long decay time (τref). Usually, the intensity and 

lifetime of long-decaying luminophores are quenched by oxygen. In this case, this effect was 

prevented by embedding the reference dye in a virtually gas-impermeable PAN matrix. The 

two luminophores have overlapping excitation and emission spectra so that they can be 

excited at the same wavelength and their fluorescence can be detected using the same 

photodetector.  
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3.3 Results and Discussion  

 

3.3.1 Choice of Materials 

 

For application of the DLR method in fluorescence sensing, the fluorescence indicator and the 

coimmobilized reference luminophore had to meet the following criteria: (a) The reference 

luminophore and indicator fluorophore have to have largely different decay times, (b) the 

decay time and quantum yield of the reference luminophore are not affected by the sample, 

(c) the indicator fluorophore changes its quantum yield in the presence of the analyte, (d) the 

reference and indicator have overlapping excitation spectra to allow the simultaneous 

excitation at a single wavelength of band, and (e) the luminescence of both the reference and 

the indicator can be detected at a common wavelength or band of wavelengths using a single 

photodetector.  

The ruthenium complexes are particularly well established as reference luminophores 

due to their high quantum yields and decay times in the lower microsecond range21,22. 

However, their luminescence is often quenched by molecular oxygen23
 and oxidative or 

reductive compounds22. Therefore, the dyes have to be encapsulated in a material which 

shields them from oxygen or other potential interferents so to warrant a constant background 

signal. Ru(dpp)3
2+ (Fig. 3.1 A) in polyacrylonitrile (PAN) beads was chosen as the optimal 

reference luminophore because of its high quantum yield (QY = 0.3624), and its relatively 

long luminescence decay time of approximately 5 µs. Incorporating Ru(dpp)3
2+ into PAN 

beads minimizes the problem of oxygen quenching because the polymer is virtually gas-

impermeable25. 

The carboxyfluorescein derivatives are suitable indicators for fluorescence-based pH 

sensors. The fluorescein indicators used (carboxyfluorescein = CF, 

dichlorocarboxyfluorescein = DCCF) have: high absorption coefficients (ε > 80 000 L mol-1 

cm-1), high fluorescence quantum yields (higher than 0.926), and absorption spectra which are 

well compatible with light emitting diodes (LED). Furthermore, the presence of functional 

groups makes their immobilization on the polymer surface easy.  

Another applied pH indicator was iminocoumarin (IC). Iminocoumarin possesses 

suitable photophysical properties which include a high absorption coefficient of 62 900 L 

mol-1 cm-1, fluorescence QY of about 0.51 and compatibility with LEDs with emission 

maxima at 470 or 505 nm. Moreover, compared to fluorescein derivates coumarins have 
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excellent photostability (see Chapter 2.3.2) which is a very important criterion for optical 

sensors.  

 The immobilization of pH indicators on the polymer is usually realized with one of the 

three widely used methods: Physical adsorption, entrapment and covalent binding. Here, 

covalent immobilization was chosen because it prevents leaching of indicators from the 

polymer matrix27. A derivative of poly(hydroxyethyl methacrylate) (p-HEMA), which 

contains primary amino groups (due to the presence of 4 % of N-aminopropyl acrylamide) 

was used for immobilization of the pH indicators on the polymer surface. The material 

possesses excellent mechanical, chemical, and thermal stability, and does not dissolve in any 

solvents. 

 

3.3.2 Sensor Characteristics 

 

Before applying the DLR scheme, the membranes M1 to M3 (see Table 3.1), containing only 

the  pH indicator without the reference dye, were tested in a flow-through cell with respect to 

the response of the fluorescence intensity to ionic strength (IS) at 25 mM and 140 mM. Fig. 

3.3 shows the emission spectra of membranes M1 and M3 for various pH (IS = 140 mM). 

Maxima of the emission spectra for both pH-sensitive membranes were at 525 nm (λex = 

490 nm and 488 nm for M1 and M3 respectively). For M2 the maximum of emission spectra 

was bathochromically shifted (λem = 537 nm, λex = 505 nm). 
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Figure 3.3 Emission spectra of membrane M1 (λex = 490 nm) and M3 (λex = 488 nm). The 
emission maxima are at 525 nm for both membranes. 
 

Sensitivity to IS can be a serious problem in case of optical pH sensors, because it results in a 

shift of pKa values and therefore in errors in pH determination28,29. The effect of IS cannot be 

distinguished from signal changes caused by pH and therefore can compromise the sensor 

performance. Figure 3.4, 3.5 and 3.6 show titration plots of the pH-sensitive sensor 

membranes M1, M2 and M3 at two different ionic strengths of 25 mM and 140 mM. The latter 

represents the upper limit of IS in most physiological solutions including blood. One can 

observe that the pKa value for membrane M1 is slightly increased from 6.81 at 140 mM to 

6.89 at 25 mM, whereas the pKa of membrane M2 increases from 4.39 to 4.50. This larger 

influence of the ionic strength is also typical for other polymer particles with covalently 

immobilized carboxyfluorescein on the polymer surface30.  
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Figure 3.4 Titration plots of membrane M1 at IS 25 mM and 140 mM adjusted with NaCl. 
The sensor membrane was excited at 490 nm and fluorescence intensity was detected at 
530 nm. 
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Figure 3.5 Titration plots of membrane M2 at IS 25 mM and 140 mM adjusted with NaCl. 
The sensor membrane was excited at 505 nm and fluorescence intensity was detected at 
537 nm. 
 
 
Figure 3.6 shows the pH response of membrane M3 at ionic strengths of 25 and 140 mM. The 

titration plots are identical which shows that this sensor membrane is independent of the ionic 

strength. The difference in pKa values (8.46 at 25 mM, 8.42 at 140 mM) are within the 
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accuracy of measurement. Other coumarin-based sensor membranes show similar results, 

while pH indicators such as 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS)31 are known to 

have pronounced cross-sensitivity to IS. In contrast, the absence of charges in the coumarin 

molecule and different microenvironment inside the polymer result in negligible cross-

sensitivity towards ionic strength32. 
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Figure 3.6 Titration plots of membrane M3 at IS 25 mM and IS = 140 mM. The sensor 
membrane was excited at 488 nm and fluorescence intensity was detected at 525 nm.  
 

 

3.3.3. DLR-Referenced pH Membranes 

 

In contrast to the membranes M1-3, the membranes MDLR (MCF, MDCCF or MIC) contain inert 

luminescent reference beads. The ruthenium(ΙΙ) tris(4,7-diphenyl-1,10-phenanthroline) 

complex was used as a reference standard. Incorporated into nanospheres of a PAN derivative 

(average particle diameter 70 nm), it is efficiently shielded from external quenching by 

oxygen and other compounds33-35, due to the low gas permeability of PAN (P = 1.5⋅10−17 

cm2⋅s−1⋅Pa)36. The reference standard is excitable in the range from 400 to 510 nm and shows 

a broad emission with a maximum of around 610 nm. 

The sensor cocktail was prepared as described in Chapter 3.2.5. For each sensor 

membrane the optimal concentration of reference beads was determined as that showing the 

highest overall phase change at protonated and deprotonated form of the indicator.  
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In order to obtain the response curve of the sensors, MDLR foils were placed in a flow 

through cell and the fluorescence intensity was measured with a fluorimeter. The analyte 

solution in the cell was changed from pH 9.0 to pH 4.0 for MCF, from pH 10.0 to pH 5.0 for 

MIC and from pH 7.0 to pH 2.0 for MDCCF. 

 Figure 3.7A represents the response curve of sensor membrane MCF at different pH 

values. The fluorescence of the pH indicator is strongly depended on the pH with its highest 

sensitivity in the physiological range, whereas the emission of the reference dye Ru(dpp)3
2+ in 

PAN derivative particles at 600 nm remained constant (Fig. 3.7B). The titration curve of MIC 

is analogous to MCF, but the pKa value for iminocoumarin in the DLR-sensor membrane MIC 

is 8.0 compared to MCF (pKa = 6.5). 
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Figure 3.7 (A) Titration plot of the DLR sensor membrane MCF (λex = 470 nm, λem = 525 
nm); (B) Emission of membrane MCF at pH values from pH 9.0 to 4.0 (λex = 470 nm). 
 

For MDCCF the fluorescence intensity of the pH indicator is increased from pH 2.0 to 7.0, 

whereas the emission of the reference dye is independent to pH changes (Fig. 3.8B). The pKa 

value of MDCCF  obtained from the titration plot (Fig. 3.8A) is 4.15. 
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Figure 3.8 (A) Response curve of MDCCF to pH (λex = 505 nm, λem = 545 nm); (B) Emission 
spectra of the DLR-sensor membrane MDCCF from pH 9.0 to 4.0 (λex = 505 nm). 
   

Analogously to the measurements of fluorescence intensity of the membranes without 

reference dye, the DLR-membranes were measured at different pH values. The titration plots, 

presented in Fig. 3.9 – 3.11, were recorded with the phase detection device PDD 505. The 

pH-sensitive membranes were fixed with silicone to the tip of a 2 mm fiber and dipped into 

MOPS solutions of various pH. The best dynamic of the sensor membranes was obtained 

using a blue-green LED (λmax = 505 nm) for simultaneous excitation of both luminophores. 

The OG 570 long pass filter was used to pass the luminescence of both dyes.   

Figure 3.9 shows the titration plots of membrane MCF at different frequencies (f) of 30, 

45 and 60 kHz of the sinusoidally modulated excitation light. The form of the sigmoid curves 

is depended on the measurement frequency, but the pKa value for each plot remains constant. 

The highest change of the phase angle between pH 3.0 (Φ = 56.23°) and pH 9.0 (Φ = 32.57°) 

was obtained for the modulation frequency of 60 kHz. Therefore, this frequency was also 

selected for the calibration of the other two DLR-membranes MDCCF and MIC.       
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Figure 3.9 Titration curves of membrane MCF for MOPS buffer of IS = 140 mM at 30, 45 and 
60 kHz (λex = 505 nm). 
 

In case of membrane MDCCF only a small difference of the phase angle was observed. For the 

protonated form of pH indicator the phase angle was 55.19°, for the deprotonated form it was 

49.64° (Fig. 3.10). This small dynamic in phase angle is related to the excitation of the sensor 

membrane. Both protonated and deprotonated forms of DCCF are fluorescent, and excitation 

at 505 nm is not optimal for a selective separation of these forms from each other. Although 

the deprotonated form is excited to a higher extent than the protonated one, the amount of 

fluorescence from the protonated form is still too high to obtain a significant difference in 

phase shift for acidic and basic conditions.   

 

 

 



      3. Dual Lifetime Referenced Sensor Membranes for Fiber Optic Determination of pH Using 

Microbeads and Nanoparticles 
 

 68 

2 4 6 8

50

52

54

56

p
h

a
se

 a
n

g
le

, 
°

pH

pKa = 3.97

 

Figure 3.10  Titration plot of MDCCF (λexc = 505 nm, f = 60 kHz, IS = 140 mM) 
 

Figure 3.11 displays the titration curve of the DLR sensor MIC. The sensor shows sufficient 

sensitivity to pH. The phase angle at pH 5.0 is 47.71°, at pH 10.0 it is 55.65° (pKa = 8.05). 

The material is particularly promising for pH-sensing in slightly basic conditions because of 

its high brightness (see Table 2.2 in Chapter 2.3.1) and excellent photostability. 
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Figure 3.11 Titration plot of MIC to pH (λexc = 505 nm, f = 60 kHz, IS = 140 mM).  
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The pKa values for the MDLR membranes and the pH-sensitive membrane without reference 

particles (M1 – M3) are summarized in Table 3.2. The DLR-based sensor membranes show 

lower pKa values than the membranes without reference dye. The reference particles contain 

free carboxyl groups on their surface. When negatively charged particles are added to the 

positively charged particles containing the immobilized pH indicator, the total ionic strength 

in the system is increased, which evidently results in a lower pKa. 

 

Table 3.2 Comparison of apparent pKa values of MDLR and M1-3 and corresponding pH error.   

pH sensor 
membrane with 
DLR particles 

pH sensor 
membrane 
without DLR 
particles 

pKa of MDLR, 
IS = 140 mM 

pKa of membranes 
without refer. 
particles, IS = 140 
mM 

pKa of membranes 
without refer. 
particles, IS = 25 
mM 

MCF M1 6.50 6.81 6.89 

MDCCF M2 4.15 4.39 4.50 

MIC M3 8.00 8.42 8.46 

 

 

3.4 Conclusion 

 

Three different fiber optic pH sensors based on the DLR-scheme were fabricated. 

Polyacrylamide-based polymer beads were loaded with carboxyfluorescein, 

dichlorocarboxyfluorescein and iminocoumarin and embedded, along with Ru2+-PAN-

particles in a hydrogel matrix. A 505 nm LED was used as light source to excite both dyes. 

The fluorescein-based sensor membranes show only a small cross-sensitivity towards ionic 

strength, the coumarin derivative-based sensor membrane even none at all and furthermore 

display a high photostability. The variety of pH indicators in the DLR scheme results in pH 

sensors with pKa values from 4 to 8. The materials are promising for pH-sensing in various 

fields: Measurement in seawater and marine environment (iminocoumarin based particles), in 

acidic soils and upon sour fermentation of milk (dichlorocarboxyfluorescein based particles) 

and in biotechnology (carboxyfluorescein-based particles) is possible applications.   
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Chapter 4 

 

 

Indicator-Loaded Permeation-Selective Microbeads for Use in 

Fiber-Optic Simultaneous Sensing of pH and Dissolved Oxygen 
 

New materials are described that lead to sensors capable of simultaneous sensing of pH 

and oxygen via a single fiber-optic sensor. They make use of a pH probe based on 

carboxyfluorescein, and of a ruthenium(II) or palladium(ІІ) complex acting as a probe for 

dissolved oxygen. The selectivity of the probes was considerably improved by incorporating 

them into two kinds of microparticles, each of specific permeation selectivity. The pH probe 

was immobilized on particles made from proton-permeable, amino-modified 

poly(hydroxyethyl methacrylate), while the oxygen probe was physically immobilized in 

beads made from an organically modified sol-gel. Both kinds of beads were dispersed into a 

hydrogel matrix and placed at the distal end of an optical fiber waveguide. A phase-

modulated blue-green LED served as the light source for exciting luminescence, which 

average decay times or phase shifts serve as the analytical information. Data are evaluated 

by a modified dual luminophore referencing (m-DLR) method, which relates the phase 

shift measured at two different frequencies to pH and oxygen partial pressure. The dually 

sensing material performs best if the sensing matrix is very homogeneous and if the 

microbeads have a diameter of less than 3 µm. (Chem Mater 2006, 18, 4609-4616) 

 

 

4.1 Introduction  

 

Oxygen and pH are key parameters in many areas of technology and research, and are needed, 

for example, to control the quality of drinking water1,2, the freshness of food3-7, or the 

optimum reaction conditions for monitoring cell activity in bioreactors8-12. Knowing pH and 

oxygen concentration is also essential in clinical analysis of samples such as blood and other 

physiological liquids13-16, in seawater analysis17,18, and in marine research19-21. So far, pH and 

oxygen have been determined simultaneously via two sensors operated in parallel, which is 

often difficult due to space limitations and in terms of available sample volumes. Hence, a 
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sensor enabling simultaneous monitoring of both parameters would represent a powerful tool 

in various areas of research and in (bio)technology.  

 Most optical chemical sensors for non-colored and non-fluorescent species (including 

pH and oxygen) are based on the optical interrogation of a material that undergoes a change in 

its optical properties on exposure to the analyte of interest. Such a change is referred to as the 

response of the material and ideally is specific for the species to be sensed. In most cases, the 

sensor material is composed of an indicator dye contained in an optically transparent polymer. 

The polymer not only acts as a solvent for the (often fluorescent) indicator dye, but also 

allows for fine-tuning of the response curve of the indicator (and thus of the sensing range). 

The polymer can also provide certain permeation selectivity, thus eliminating cross-sensitivity 

to other species. All known optical chemical sensors for gases, for example, are based on 

materials that are impermeable to charged species (ions) that may act as quenchers of 

fluorescence, or in other form.  

 Optical sensors nowadays can be miniaturized down to sub-µm dimensions and 

combined with fiber-optic technology to provide non-invasive22,23 or remote measurement of 

(bio)chemical parameters. Fibers allow the optical information to be carried from to the 

sample to the instrument. Optical sensing has a second feature that is not provided by 

electrochemical sensors: Sensing can be performed in a contactless mode, for example 

through the glass (or plastic) wall of a bioreactor. This is of particular advantage if sterility is 

an issue.  

 A substantial fraction of (fiber-) optical sensors is based on the use of fluorescence as 

the optical information. This is due to the unsurpassed intrinsic sensitivity of fluorescence 

(that may reach the single molecule level), and because certain effects, which can be used as 

analytical information (such as static/dynamic quenching, or fluorescence resonance energy 

transfer) do occur in luminescence only. While the measurement of fluorescence intensity is 

simple in terms of instrumentation, its accuracy is often compromised by drifts in the opto-

electronic set-up (light sources and light detectors), and by variations of the properties of the 

sensor layer (e.g. the dye concentration or the thickness of the sensor layer). Therefore, 

referencing methods were developed for the precise measurement of fluorescence intensity24. 

One such method is based on the measurement of decay time which can be applied to 

indicator probes that undergo dynamic quenching (such as by oxygen), or resonance energy 

transfer (which usually changes the decay time as well).  

 The dual lifetime referencing (DLR) method is relatively new and enables self-

referenced measurements both in the time domain and the frequency domain25,26. In contrast 
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to the common ratiometric (i.e. 2-wavelength) method, this scheme uses luminophores with 

substantially different decay times. Usually, an analyte-insensitive phosphorescent reference 

dye (with a decay time in the µs-range) is combined with an analyte-sensitive fluorophore 

(having a decay time in the ns-range)27. It is essential for the DLR scheme that the absorption 

and emission spectra of both indicators overlap to allow (a) simultaneous excitation of both 

probes with a single light source, and (b) simultaneous detection of luminescence. In 

frequency domain DLR, the combined luminescence intensity of both dyes is converted into a 

phase shift which is related to the analyte concentration. 

 We perceived that a material for simultaneous sensing of pH and oxygen may be 

obtained if the analyte-insensitive reference luminophore is converted into an oxygen-

sensitive, luminescent indicator of similarly long decay time. In contrast to the conventional 

DLR method (in which the phase shift is only dependent on one parameter, e.g. pH), the 

overall phase shift in the resulting dual material now contains information on both parameters 

(pH and oxygen). If the phase shift is determined at two different modulation frequencies, two 

informations will be obtained that can be processed to give two specific analytical signals. 

The DLR method relies on the fact that at higher modulation frequencies (but still in the kHz 

range) the long-lived luminescence undergoes demodulation, i.e. a decrease in intensity28, 

while the short-lived fluorescence (of the pH indicator) is not demodulated. 

 Since oxygen sensors based on the use of long-lived luminophores produce substantial 

quantities of singlet oxygen (which can deteriorate indicators), we further perceived that the 

use of microbeads (with a diameter of 1 – 3 µm) for each indicator species would warrant a 

spatial separation of the indicators large enough to prevent photo-induced decomposition. We 

present our results on a novel optical dual sensor that makes use of the permeation-selective 

microbeads placed in a hydrogel and sensitive to either pH or oxygen. It is shown that the 

material enables simultaneous and contactless measurement of pH and oxygen in 

physiological samples.  

 

 

4.2 Experimental  

 
4.2.1 Materials and Reagents 

 

All chemicals and solvents were of analytical grade and were used without further 

purification. The preparation of ruthenium(II) tris-4,7-diphenyl-1,10-phenanthroline 
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dichloride, referred to as Ru(dpp)3
2+, has been described elsewhere29 and is now commercially 

available. The pH indicator 5(6)-carboxyfluorescein (referred to as CF), and the chemicals N-

(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), dimethylformamide, 

chloroform, triethylamine and ethanol were purchased from Fluka (www.sigmaaldrich.com). 

The palladium porphyrin complex (5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl)-21,23H-

porphyrin-Pd-(II)) was obtained from Porphyrin Systems (www.porphyrin-systems.de). 

Sodium 3-(trimethylsilyl)-1-propanesulfonate (Na-TMS; used as a lipophilic anion) was 

obtained from Aldrich (www.sigmaaldrich.com). The polyurethane hydrogel D4 was obtained 

from Cardiotech (www.cardiotech-inc.com), amino-modified polyacrylamide (AA-Q-N2) and 

amino-modified poly(hydroxyethyl methacrylate) (p-HEMA) from OptoSense 

(www.optosense.de). The copolymer poly(styrene-co-acrylonitrile) (referred to as PSAN) was 

obtained from Aldrich (www.aldrich.de). The inert and optically transparent poly(ethylene 

terephthalate) support foils (type Mylar®, thickness 125 µm) were  obtained from Goodfellow 

(www.goodfellow.com). Calibration gases (nitrogen and oxygen, each of 99.999 % purity) 

were purchased from Linde (www.linde-gase.de). The preparation of organically modified 

sol-gel beads ("ormosil") was reported elsewhere30. The method used in the present work was 

similar to the method described by Klimant et al.30 for material S1, the molar ratio of the 

monomers phenyltrimethoxysilane and tetramethoxysilane being 18:1.  

 

4.2.2 pH Meter 

 

The pH values of the solutions were checked using a digital pH meter (Knick, Germany,  

www.knick.de) calibrated at 20 ± 2 °C with standard buffers solutions of pH 7.0 and 4.0 

(Merck, www.merck.de). 

 

4.2.3 Buffer Preparation 

 

Doubly distilled water was used for the preparation of the buffer solutions. MOPS buffers 

with a total concentration of 10 mM and with sodium chloride as background electrolyte to 

adjust ionic strength (IS = 25 or 140 mM) were used31. A stock solution of MOPS was 

prepared by dissolving 2.093 g of MOPS free acid (M = 209.3 g/mol) and 1.25 g of sodium 

chloride for ionic strength 25 mM or 7.965 g of NaCl for IS = 140 mM in 1 l of water.  
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4.2.4 Preparation of Sensor Beads and Sensor Membranes 

 

Materials were prepared for (a) oxygen sensing, (b) pH sensing, and (c) simultaneous sensing 

of both parameters. Table 4.1 summarizes the materials used for the various sensors. We 

differentiate between sensor beads (SB) and sensor membranes (SM) which are SBs 

contained in a hydrogel matrix. The membranes were obtained by spreading water/ethanol 

solutions of the sensor membrane material onto a solid, transparent support (such as 

polyethyleneterephthalate or glass) and evaporating the solvent to give sensor membranes 

(SMs) or dual sensor membranes (DSs) with a thickness of ∼10 µm.  

 
Table 4.1. Probes and materials used for the preparation of pH-sensitive and O2-sensitive 
membranes, and for the dually sensing material. 
 

Code Indicator-loaded  bead (SB) or bead-loaded sensor membrane 

(SM)  

Analyte 

SB-1 PdTFPP in PSAN microbeads O2 

SB-2 Ru(dpp)3(TMS)2 in PtBuS microbeads O2 

SB-3 Ru(dpp)3(TMS)2 in ormosil microbeads O2 

SB-4 CF on p-HEMA microbeads pH 

SB-5 CF on AA-Q-N2 microbeads pH 

SM-1 PdTFPP in PSAN microbeads contained in an ∼10-µm layer of 
hydrogel 

O2 

SM-2 Ru(dpp)3(TMS)2 in PtBuS microbeads contained in an ∼10-µm 
layer of hydrogel 

O2 

SM-3 Ru(dpp)3(TMS)2 in ormosil microbeads contained in an ∼10-µm 
layer of hydrogel 

O2 

SM-4 CF on p-HEMA microbeads suspended in an ∼10-µm layer of 
hydrogel 

pH 

SM-5 CF on AA-Q-N2 microbeads suspended in an ∼10-µm layer of 
hydrogel 

pH 

 DS-1 SB-1 and SB-4 in an ∼10-µm layer of hydrogel     O2/pH 

DS-2 SB-2 and SB-4 in an ∼10-µm layer of hydrogel     O2/pH 

DS-3 SB-3 and SB-4 in an ∼10-µm layer of hydrogel     O2/pH 
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4.2.4.1 Preparation of the Oxygen-Sensitive Microbeads SB-1 and the Sensor Membrane 

SM-1 

 

100 mg of copolymer polystyrene-acrylonitril were dissolved in 20 mg of DMF, and 5 mg of 

Pd porphyrin complex (PdTFPP) were added to the polymer solution to give polymer 

particles with incorporated PdTFPP dye. 100 ml of water were added dropwise (1 drop/3 sec) 

to the red-colored polymer solution during ultrasonication. A saturated solution of natrium 

chloride was then added. The suspension was washed with distillate water and ethanol by 

centrifugation. The suspension of the polymer beads in ethanol had 40 mg of dried polymer 

particles SB-1 in 1 g of ethanol/polymer beads solution.  

 In order to obtain membrane SM-1, 40 mg of hydrogel D4 were added to 1 g of a 

suspension of SB-1 in ethanol. The mixture was vigorously stirred overnight at room 

temperature. 100 µl of the cocktail were knife-coated onto dust-free, 125 µm polyester 

support as shown in Chapter 3.2.5. 120 µm spacers were used to set the thickness of the layer. 

After evaporation of the solvent, the red-colored film had a thickness of 10 µm (as calculated 

from the masses employed). The membranes were dried for 2 h before characterization. Spots 

of 25 mm diameter were cut with a hollow punch and mounted in a flow-through cell.      

 

4.2.4.2 Preparation of the Oxygen-Sensitive Microbeads SB-2 and SB-3 and the Sensor 

Membranes SM-2 and SM-3 

 

Ru(dpp)3
2+ dichloride was converted into its much more lipophilic TMS salt by addition of an 

equivalent quantity of Na-TMS to an aqueous solution of the dye, followed by extraction of 

the Ru(dpp)3(TMS)2 ion pair into chloroform. Then, 200 mg of polymer microparticles 

(ormosil or PtBuS) were dispersed in 20 ml chloroform and 5 mg of the Ru(dpp)3(TMS)2 salt 

were added to the solution. A suspension of the polymer beads in chloroform was spread on a 

glass surface and dried at ambient air. After removal of the solvent, the colored polymer film 

was mechanically ground, and the beads SB-2 and SB-3, repectively, were washed several 

times with ethanol, this followed by centrifugation. A suspension of the polymer beads in 

ethanol was spread on a glass surface and dried at ambient air to give oxygen-sensitive beads 

SB-2 (SB-3).  

In order to obtain membrane SM-2 (SM-3), 20 mg of the beads of type SB-2 (SB-3) were 

added to 600 mg of a 5% wt solution of hydrogel in an ethanol/water (9:1, v:v) mixture. The 

cocktail was spread as an approximately 120 µm thick film onto a 125 µm polyester support. 



4. Indicator-Loaded Permeation-Selective Microbeads for Use in Fiber-Optic Simultaneous 

Sensing of pH and Dissolved Oxygen 
 

 79 

After evaporation of the solvent, the orange-colored film had a thickness of 10 µm (as 

calculated from the masses employed).  

 

4.2.4.3 Preparation of the pH-Sensitive Microbeads SB-4 and SB-5 and the Sensor 

Membranes SM-4 and SM-5 
 

Carboxyfluorescein (CF) was covalently attached to the surface of the polymer particles using 

standard procedures32. Specifically, 300 mg of amino-modified p-HEMA were dispersed in 

5 ml of water, and 5 mg of CF were added to the suspension. After stirring for 10 min, 5 mg 

of EDC were added. The resulting suspension was stirred for another 2 h at room temperature. 

The particles were separated from the solution by centrifugation and washed several times 

with water, pH 4 buffer, pH 9 buffer, and ethanol until the washing remained colorless. The 

resulting beads were dried at ambient air to give material SB-4. An analogous procedure was 

applied to immobilize CF on the polyacrylamide beads to give sensor beads SB-5. 

 The preparation of the respective sensor membranes was similar to that of SM-2 and 

SM-3: 20 mg of the beads SB-4 and SB-5, respectively, were added to 600 mg of a 5% wt 

solution of hydrogel in an ethanol/water (9:1, v:v) mixture. The cocktail was spread as an 

approximately 120 µm thick film onto a 125 µm polyester support. After evaporation of the 

solvent, the yellow films SM-4 and SM-5 had a thickness of 10 µm. 

 

4.2.4.4 Preparation of Dually Sensing Materials DS-1, DS-2 and DS-3  

 

To 15 mg of the pH-sensitive microbeads SB-4 and 50 mg of the oxygen-sensitive 

microbeads SB-1 in ethanol solution 500 mg of a 5% wt. solution of hydrogel D4 in 

ethanol/water (9:1, v:v) were added. The sensor cocktail was stirred overnight and then knife-

coated onto the 125 µm polyester support as an approximately 120 µm thick film. The sensor 

membrane was dried at ambient air to obtain the sensor film DS-1.  

 To 20 mg of the pH-sensitive microbeads SB-4 and 10 mg of the oxygen-sensitive 

microbeads SB-2 (SB-3) 600 mg of a 5% wt. solution of the polyurethane hydrogel in 

ethanol/water (9:1, v:v) were added. The sensor cocktail was stirred overnight, knife-coated 

onto the polyester support, and dried at ambient air to obtain the yellow sensor film DS-2 

(DS-3) in a thickness of about 10 µm. The schematic of the sensor membranes DS´s is shown 

in Fig. 4.1. 
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4.2.5 Measurements 

 

Fluorescence excitation and emission spectra as well as response curves of the sensor 

membranes were acquired with an Aminco-Bowman Series 2 luminescence spectrometer 

(SLM-Aminco; www.thermo.com) equipped with a home-made flow-through cell33 (see 

Chapter 2.2.6 Fig. 2.3). A 25 mm diameter spot was punched out of sensor membrane DM-1 

or DM-2 and mounted in the cell. Buffer solutions (of various pH and oxygen levels) were 

passed through the cell at a rate of 1 ml min-1 with the help of a Minipuls-3 peristaltic pump 

(Gilson; www.gilson.com) via silicone tubing with an inner diameter of 1 mm. The excitation 

light passed through a monochromator and was focused to one branch of a bifurcated fiber 

bundle of glass fibers (Ø 6 mm). The fiber bundle was fixed to the back of the sensor 

membrane. The emitted light was guided by the other branch of the fiber bundle through a 

monochromator to the photomultiplier tube inside the spectrometer. 

 

 

 
Figure 4.1 Schematic of the sensor membrane DS used for simultaneous sensing of oxygen 
and pH.  
 

For the phase shift measurements of oxygen sensitive materials (SMs 1-3), the sensor’s 

luminescence was excited with the light of a blue LED (λmax 470 nm, Yoldal product no. YM-

B5S15; www.yoldal.com), or a green LED (λmax 525 nm, Yoldal YM-G5N30). After passing 

interference filters of type FITCA and FITCE (Schott; www.schott.com) it was sinusoidally 

modulated at different frequencies using a two-phase lock-in amplifier (SR830, Standford 

Research Inc.; www.thinksrs.com). A bifurcated fiber bundle was used to guide the excitation 

light to the sensor foil and to guide back the luminescence after passing the Chroma 580 or 

the Chroma 680 interference filters (AHF Analysentechnik, www.ahf.de). The luminescence 

was detected with a photomultiplier tube (H5701-02, Hamamatsu, 



4. Indicator-Loaded Permeation-Selective Microbeads for Use in Fiber-Optic Simultaneous 

Sensing of pH and Dissolved Oxygen 
 

 81 

www.sales.hamamatsu.com). Temperature was controlled by a Lauda RC6 cryostate (Lauda, 

www.lauda.de). 

 Homogeneity tests were performed on a FLUOstar microplate reader (BMG Labtech, 

www.bmg-labtechnologies.com). A spot of the sensor foil was placed into a Greiner 6-well 

microplate (Greiner Bio-one GmbH, www.gbo.com) and luminescence intensity at 25 ºC and 

air saturation was measured. For the determination of the decay time the intensity was 

measured after a certain delay (0 µs, 20 µs, 40 µs, etc) and the lifetime was calculated using a 

monoexponential decay model. 

 Luminescence phase shifts of the fiber-optic sensor (see Fig. 4.1) were measured with a 

phase detection device PDD-505 (from PreSens GmbH; www.presens.de). For the set-up 

please see Chapter 3.2.2 in Fig. 3.1 B. The sensor was immersed into a 100 ml glass beaker 

containing 30 ml of a buffer solution of defined pH. Nitrogen/oxygen gas mixtures, which 

composition and flow rate were controlled by a gas mixing device (GVS; from MKS; 

www.mksinst.com), were bubbled through the buffer solution to adjust the desired 

concentrations of dissolved oxygen. Temperature was kept constant at 20 °C by a RC 6 

cryostat (Lauda; www.lauda.de). Photographic images of the sensor foil were acquired with a 

fluorescence microscope (Leica DMRE; Leica, www.leica.com, software from ACD-

Systems). 

 

 

4.3 Results and Discussion 

 

4.3.1 Choice of Materials 

 

Any material for simultaneous sensing of pH and oxygen via the modified DLR technique is 

expected to meet the following requirements: (a) the oxygen indicator (which also serves as a 

reference luminophore) and the fluorescent pH indicator need to have largely different decay 

times; (b) both indicators have to respond to the two analytes; (c) the excitation spectra of 

both indicators have to overlap in order to allow the simultaneous excitation of both indicators 

at a single wavelength; (d) the luminescence of both dyes has to be detectable at a single 

wavelength; (e) the ratio of the two components in a sensor cocktail must remain constant; 

and (f), the luminophores have to be compatible with an LED which is the most preferred 

light source in practice due to its low price. 

 We chose carboxyfluorescein (CF) as the pH indicator, ruthenium(II)-tris-4,7-diphenyl-
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1,10-phenanthroline [= Ru(dpp)3
2+] and (5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl)-

21,23H-porphyrin-Pd-(II)) [= PdTFPP] as the oxygen indicators because they meet the above 

criteria. CF, whose chemical structure is given in Fig. 4.2, is highly fluorescent and one of the 

most common fluorescent acid–base indicators34. The photochemical properties of CF in 

water solution at pH 9 are shown in Fig. 4.3 (λabs= 490 nm, λem= 514 nm). It covers the 

physiological pH range, with a pKa of 6.535. Its carboxy group can be used for covalent 

immobilization of the dye on the surface of amino-modified polymer particles in order to 

avoid leaching of the indicator, which can be a serious problem36.    

 

O OHO

COOH

COOH

CF

N N

N N

N N

Ru2+

(Me)3Si

-O3S

TMSRu-dpp

2

3

N

N N

N

Pd

FF

F

F F

F

F

F

F

F

F F

F

FF

F

F

F

F

F

Pd-TFPP

 
 
 

Figure 4.2 Chemical structures of the indicators carboxyfluorescein (CF), PdTFPP and 
Ru(dpp)3

2+ along with its counter ion 3-trimethylsilylpropane sulfonate (TMS¯ ). 
 

CF was covalently immobilized on the surface of two kinds of polymer particles using 

standard procedures based on the peptide coupling reagent EDC32. The first polymer was a 

polyacrylamide derivative (AA-Q-N2) containing 4 % of aminopropyl acrylamide which 

provides free amino groups for attachment of carboxyfluorescein. The second is a derivative 

of poly(hydroxyethyl methacrylate)(p-HEMA), that also contains primary amino groups due 

to the presence of 4 % of N-aminopropyl acrylamide. Both materials possess excellent 

mechanical, chemical, and thermal stability, and do not dissolve in any solvents, but differ 
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significantly in their hydrophobic properties. Aminocellulose was another choice but was not 

employed because it serves as a nutrient for certain bacteria.  
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Figure 4.3 Emission and absorption spectra of carboxyfluorescein in aqueous solution at pH 9. 

 

The oxygen sensor materials make use of the ruthenium(II) complex Ru(dpp)3
2+ and the 

palladium complex PdTFPP (Fig. 4.2). These indicators benefit from fairly strong absorption 

in the visible region (Ru(dpp)3
2+: λmax = 463 nm (see Fig. 4.4 A), ε = 2.84 ⋅ 104 M-1 ⋅ cm-1; 

PdTFPP: λ1
max = 406 nm, λ2

max =515 nm and λ3
max =550 nm (see Fig. 4.4 B), ε1 = 19.2 ⋅ 104 M-

1 ⋅ cm-1, ε2 = 1.82 ⋅ 104 M-1 ⋅ cm-1, ε3 = 1.55 ⋅ 104 M-1 ⋅ cm-1). Both oxygen indicators have a 

good luminescence quantum yield (QY) of 0.3637 and 0.2138 for the Ru and Pd complexes, 

respectively, which results in an excellent brightness (defined as ε ⋅ QY) of 10 200 M-1 ⋅ cm-1 

and 40 320 M-1 ⋅ cm-1 for PdTFPP when excited at 406 nm and 515 nm, respectively and 3 

830 M-1 ⋅ cm-1 when excited at 550 nm. The value of brightness for Ru(dpp)3
2+  is 10 224 M-1 ⋅ 

cm-1 when excited at 463 nm. They also exhibit good photostability39. Ru(dpp)3
2+ has a decay 

time in the order of 3 – 5 µs and serves as an excellent oxygen probe when contained in a 

highly oxygen-permeable polymer40-42. We had discovered30 highly oxygen-permeable 

ormosils soluble in chloroform that can be prepared in the form of microbeads with a 

diameter of 1 – 3 µm43,44. Sol-gels used for preparation of sensitive particles in DS have been 

used successfully in sensors before45 but are used here preferably for preparation of the 

oxygen microbeads in order to impart selectivity, stability, and adequate amphiphicity to 
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retain the oxygen indicator.  

 The indicator Ru(dpp)3
2+ was incorporated into the polymer beads by swelling them in 

chloroform. The decay time of PdTFPP is about 1 ms, the indicator shows a too high 

sensitivity to oxygen for use in a DLR sensor (see chapter 4.3.4). Therefore it was 

incorporated in a polymer with only limited permeation to oxygen (PSAN) to make possible 

the application of this indicator in water solutions.    
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Figure 4.4 Absorption and emission spectra of Ru(dpp)3
2+ (A) and PdTFPP (B), in 
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deoxygenated chloroform solutions. 
 

The sensor for simultaneous sensing of pH and oxygen contains both kinds of beads 

embedded in a single polymer matrix. Hydrogels (which are permeable to both protons and 

oxygen) have excellent mechanical properties and excellent stability at various pH values and 

temperatures46. We used a polyurethane-based hydrogel because it displays excellent water 

uptake, and is biocompatible. The sensor membranes made from SB-4 (based on p-HEMA), 

according to visual inspection, possessed higher brightness than those made with beads SB-5. 

Thus, we prefer material SM-4 in the dual sensor.   

 

4.3.2 Response of the pH Sensor Materials SM-4 and SM-5 

 

In most biotechnological applications it is necessary that the pKa values of a pH-sensitive 

probe are around 7. The apparent pKa value of an indicator in a polymer not only depends on 

its intrinsic (thermodynamic) pKa value, but also on the kind of polymer used. Two different 

dye-polymer combinations (materials SM-4 and SM-5) were investigated. Figure 4.5 shows 

response curves of the probes to pH. Sensor membranes SM-4 and SM-5 display good pH 

sensitivity over a range from pH 5 to 8.  
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Figure 4.5 Titration plots of materials SM-4 and SM-5 (λex = 490 nm, IS =140 mM). 
 

The curves can be described quite well (with a correlation coefficient of 0.999) by the 

following equation, adapted earlier47 for optical pH sensors: 
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where I is fluorescence intensity, x is a numerical coefficient which describes the slope of the 

sigmoidal curve at its turning point (pKa). Amax and Amin are numerical values of the 

fluorescence intensity of the pH indicator in fully protonated (Amin) and fully deprotonated 

(Amax) form, respectively. The equation gave pKa values of 6.71 and 6.58, respectively, for 

materials SM-4 and SM-5. 

 Any polymer used as a matrix for immobilizing pH indicators has three kinds of effects 

on the properties of the pH indicator: a) on the pKa value, b) on the spectra (shape and peaks), 

and c) on the shape of the response curves which for polymer-immobilized indicators are 

mostly different from those obtained for solutions. Indeed, the pKa values are slightly higher 

for the immobilized form of the dye compared to the one in aqueous solution (pKa = 6.5). A 

similar, but larger effect was found when fluorescein48 was covalently attached to differently 

charged surfaces of certain polymers. Most likely, this is the result of the varying density of 

electrical charges on the surface. Usually, a rather small increase in pKa occurs on covalent49 

or electrostatic50 immobilization of an indicator even to non-ionic polymers, a fact that is 

attributed to the decrease in the polarity of the micro-environment.  

 The spectra of membrane SM-4 are different from those of CF in solution. While 

fluorescence intensity, as expected, drops strongly on going from pH 9 to pH 4, the 

fluorescence of CF in p-HEMA has its maximum at 526 nm and thus is strongly 

bathochromically shifted compared to CF in aqueous solution, which has a λmax of 515 nm at 

pH 9 (see Fig. 4.6). The effect is also assumed to be caused not only by a decrease in the 

polarity of the micro-environment, but also by different hydration of the immobilized 

indicator. A similar behavior was observed earlier for immobilized fluorescein51,52.  
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Figure 4.6 Emission spectra of the pH-sensitive probe SM-4 at different pH values (IS = 140 
mM).  
 

A disadvantage of optical pH sensors is the effect of ionic strength (IS) on the dissociation 

constant and, consequently, the pKa of the dye53,54. The effect of IS cannot be distinguished 

from signal changes caused by pH changes and therefore can compromise the sensor 

performance. Figure 4.7 shows titration curves for the pH sensor SM-4 at two ionic strenghts 

(25 mM and 140 mM). The latter represents the upper limit of IS in most physiological 

solutions including blood. The pKa decreases slightly (from 6.89 to 6.81 on going from 25 

mM to 140 mM). Thus, the cross sensitivity of SM-4 to IS is surprisingly small compared to 

other polymer particles with covalently immobilized carboxyfluorescein on the polymer 

surface55.  
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Figure 4.7 Titration curves for sensor membrane SM-4 at ionic strengths of 25 and 140 mM 
adjusted with NaCl (λex =  490 nm, λem = 530 nm).  
 

The response time of the pH-sensitive probe SM-4 was determined from a series of time 

traces using MOPS buffers with different pH values. The measurement interval was 10 s. The 

kinetic of membrane SM-4 is shown in Fig. 4.8.    
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Figure 4.8 Time trace of the fluorescence intensity of membrane SM-4 for MOPS buffers of 
pH 9 to pH 4 (IS = 140 mM). 
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The response time t95 (i.e. the time for 95 % of the total change in fluorescence intensity to 

occur) was not exceeding 1 min on going from pH 4 to pH 9, and 1.5 min in the reverse 

direction. The values are in good agreement with those obtained for other optical pH-sensitive 

materials based on the sol–gel silica matrix53.  

 

4.3.3 Response of the Oxygen Sensor Membranes  

 

The response to dissolved oxygen was studied for the oxygen sensor membranes. We prefer 

to use oxygen partial pressure above the buffer solution to calculate oxygen content in sample 

solution. It is proportional to the concentration of the dissolved gas according to Henry`s law: 

      PKC H ⋅=                                                                                                              (4.2) 

where C is concentration of dissolved gas in aqueous solution, KH  Henry’s constant, and P 

the partial pressure of the gas. The decay times of SM-1, SM-2 and SM-3 were calculated 

using the equation:  

      
fπ

τ
2

tan Φ
=  ,                                                                                                             (4.3) 

where Φ  is the measured phase shift and f is the modulation frequency of the excitation light. 

 

4.3.3.1 Oxygen-Sensitive Probe SM-1 

 

Stern-Volmer plots (τ0/τ vs. oxygen partial pressure) for quenching of the oxygen indicator 

are presented in Fig. 4.9. A non-linear behavior is common to most luminescent oxygen 

sensors. It can be described by a “two-site model”56,57, which assumes the dye to be located in 

two regions of different microenvironment. The quenching constants are, therefore, different 

for these regions. Since the decay times determined by the phase modulation technique 

represent average values, it is possible to use the "two-site model" Stern-Volmer equation in 

the lifetime form:  
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,                                                         (4.4) 

where I and I0, are the quenched and unquenched luminescence intensities of the respective 

sensor membrane, K1
SV  and K2

SV  are the Stern-Volmer constants for the two different micro-

environments, and f1 and f2 are the fractions of the total emission for each component, 
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respectively (with f1 + f2 being 1). pO2 is the oxygen partial pressure that causes the 

luminescence to drop from I0 to I. 

 

0 5 10 15 20 25

2

4

6

8

10

12

 

 

pO
2
, kPa

 

 

ττττ0/ττττ

1
12

24

36

48

60

 

Figure 4.9 Stern-Volmer plots at temperatures between 1 and 60 °C. Lines reflect fitting via eq. 
4.4. 
 

As can be seen from Fig. 4.9, eq. 4.4 nicely matches the experimental findings (r2 > 0.9997). 

The fits gave values of 0.89 ± 0.02 for f1 and respectively 0.11±0.02 for f2, this indicating that the 

dye is mainly localized at the first site. 

 The triplet state lifetime in the absence of oxygen is slightly temperature-dependent and 

drops from 0.83 ms at 1°C to 0.77 ms at 60°C as the result of thermal quenching. As can be 

seen from Fig. 4.9, phosphorescence quenching by oxygen is increasingly efficient at higher 

temperatures due to faster diffusion of the quencher within the film, which is the main to 

reason for cross-sensitivity of the material to temperature58. 
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Figure 4.10 Lifetimes of SM-1 at different pH values and oxygen partial pressures in MOPS 
buffer solution (λex = 525 nm, λem = 670 nm, 525 LED, excitations filter: FITCE; emissions 
filters: RG 645 and Flame Red). 
 

 The lifetimes of the sensor membrane SM-1 was studied at different pH values from 4 to 9 

and different oxygen concentrations (0 to 21.3 kPa) in the buffer solutions.  Figure 4.10 shows 

that no effect of the pH on the phosphorescence intensity of SM-1 is observed at either of the 

applied oxygen partial pressures.       

 

4.3.3.2 Oxygen-Sensitive Probe SM-2 

 

Stern-Volmer plots for sensor material SM-2 are given in Fig. 4.11. The response curves are 

nonlinear. As for the probe SM-1, the quenching intensity at oxygen partial pressures from 0 

to 25 kPa was not dependent on the pH value.  
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Figure 4.11 Stern-Volmer plots for membrane SM-2 at pH 4 and 9 (45 kHz, λex = 505 nm, 
T = 20°C). 
 

The effect of temperature was studied for this oxygen-sensitive probe as well. Figure 4.12 

shows the Stern-Volmer plots for SM-2 at 5 - 45°C which show non-linear behavior and can 

be well described by the two-site model (eq. 4.4). The calculated Stern-Volmer constants are 

summarized in Table 4.2. 
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 Figure 4.12 Stern-Volmer plots for SM-2 at temperatures between 5 and 45°C. 

 

 

4.3.3.3 Oxygen-Sensitive Probe SM-3 

 

Figure 4.13 shows the response curve for an oxygen sensor film made from SM-3 at pH 4 and 

pH 9. The plots are nonlinear and not dependent on the pH value. A deviation of the response 

curve from linear dependence is only observed for partial pressure more than 7 kPa.  
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Figure 4.13 Stern-Volmer for the membrane SM-3 at pH 4 and 9 (30 kHz, λex = 505 nm, 
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T = 20 °C), demonstrating the insensitivity to pH.  
 

The decay time of the SM-3 sensor membrane calculated via eq. 4.3 is 5.2 µs (at f = 30 kHz). 

The sensor material shows no cross-sensitivity towards the pH value. 

 The response to oxygen is very fast: A change from deoxygenated water to air-saturated 

water is indicated within only 6 s (t95), for the reverse direction it was 7 s. Although even 

faster sensors have been reported30,59, the response of our probe is faster than that of other sol-

gel materials42,60.   
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Figure 4.14 Stern-Volmer plots for SM-3 at temperatures between 5 and 45°C. Lines reflect 
fitting via eq. 4.5. 
 

Figure 4.14 represents the Stern-Volmer plots for SM-3 at temperatures of 5, 15, 25, 35, and 

45° C. The plots have nearly linear dependence and can be well described by the linear Stern-

Volmer equation (with standard deviation r2 = 0.9989): 

  2
00 1 pOK

I

I
sv+==

τ

τ
                                                                                        (4.5) 

where τ0 and τ are the luminescence lifetimes in the absence and presence of oxygen, 

respectively, pO2 is the oxygen partial pressure and Ksv the Stern–Volmer quenching 

coefficient. The plots supply information on the sensitivity of the SM-3 sensor probe to 

oxygen quenching. 

 The Stern-Volmer quenching constants which were determined at 25 °C are presented 

in Table 4.2 for the sensor membranes SM-1, SM-2 and SM-3. 
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Table 4.2 Quenching constants (kPa -1) of sensor membranes SM-1, SM-2 and SM-3 as 
analyzed via eq. 4.4 (for SM-1 and SM-2) and eq. 4.5 (for SM-3) at 25°C. 
 

Sensor membrane K1
sv K2

sv Standard deviation 

SM-1 0.54 0.04 0.9997 

SM-2 0.088 0.0047 0.9999 

SM-3 0.030 - 0.9989 

 

 

4.3.4 Response of the Dual Sensor in the Intensity Mode  

 

In the pH/oxygen dual sensor, the fluorescence of the pH indicator is referenced against the 

phosphorescence of the oxygen indicator. A too low sensitivity will result in higher error in 

oxygen partial pressure, but also in calculated pH values. On the other hand, if the sensitivity 

to oxygen is too high, the overall phase shifts in the dual sensor will be too low at oxygen 

saturation, resulting in low precision of pH-sensing under this condition.  

 Three kinds of dual sensor material are presented: PdTFPP in PSAN polymer particles 

with CF on pHEMA, both incorporated in hydrogel D4 (DS-1), Ru(dpp)3
2+/PtBuS microbeads 

and CF/pHEMA particles in hydrogel (DS-2) and Ru(dpp)3
2+/ormosil with CF/pHEMA 

microbeads in hydrogel D4 (DS-3). For each dually-sensing material the absorption spectra of 

the pH indicator and the oxygen indicator strongly overlap, which enables excitation of both 

indicators within a wavelength range from 470 to 510 nm or with a 470 nm (blue) LED or a 

505 nm (blue-green) LED. 

 The emission spectra of the indicators for the dual sensors DS-1, DS-2 and DS-3 are 

shown in Fig. 4.15, 4.17 and 4.18. The fluorescence intensity of the pH indicator CF is weak 

at pH 4 and strong at pH 9. The emission of the oxygen-sensitive probe is not affected by pH. 

If the oxygen partial pressure is increased, the emission intensity of oxygen indicator 

decreases, while the emission of the pH indicator remains relatively constant or decreases 

about 3 % (at constant pH).  

 For the sensor membrane DS-1 (Fig. 4.15) the sensitivity of the oxygen indicator is 

satisfactory for adequate monitoring of dissolved oxygen in aqueous solution. Unfortunately, 

an inner-filter effect occurs at the emission of the pH indicator in the dual sensor membrane 

DS-1. For CF, two emission maxima at 535 nm and 570 nm were observed at pH 9 (see Fig. 

4.15) as compared to the pH-sensitive sensor membrane SM-4 without oxygen indicator 
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PdTFPP/PSAN, which reveals only one maximum at 526 nm (see Fig. 4.6). Im DS-1, the 

emitted light of CF is reabsorpted by PdTFPP (λex
1 = 525 nm and λex

2 = 550 nm; see marked 

area in Fig. 4.16).  

 The second sensor membrane DS-2 has excellent response to pH in the physiological 

range, but the sensitivity of the oxygen indicator in PtBuS polymer particles was rather low 

(Fig. 4.17). Thus, this sensor cannot be used as a dual sensor for precise determination of 

oxygen concentration and pH in the sample solution. 

 Figure 4.18 shows emission spectra of both indicators in DS-3 to oxygen partial 

pressure and pH. Sufficient response to these two parameters is observed. The 

Ru(dpp)3
2+/ormosil oxygen-sensitive microbeads, thus, show optimal sensitivity to oxygen. 

Generally, the emission intensities at 530 and 610 nm and the decay time of the long-lived 

luminophore should be measured to estimate the suitability of the material as dual sensor.   

 The properties and composition of sensor membranes DS-1, DS-2 and DS-3 are 

summarized in Table 4.3.  

 

Table 4.3 Figures of the materials used for dual sensing of oxygen and pH. 
 
Type of dual 

sensor 

O2 sensitive probe pH sensitive 

probe 

Excitation Characteristics 

DS-1 PdTFPP/PSAN CF/pHEMA 505 nm inner-filter effect 

DS-2 Ru(dpp)3
2+/PtBuS CF/pHEMA 470, 505 nm low sensitivity to oxygen 

indicator in dual sensor 

DS-3 Ru(dpp)3
2+/ormosil CF/pHEMA 470, 505 nm good response to oxygen 

and pH 
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Figure 4.15 Emission spectra of the oxygen and pH indicators in dually sensor membrane 
DS-1 (CF/p-HEMA and PdTFPP/PSAN microbeads dispersed in hydrogel) at pH 4 and pH 9 
and oxygen partial pressures of 0 kPa and 21 kPa (MOPS buffer, IS = 140 mM, λex = 490 nm).   
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Figure 4.16 Excitation spectra of oxygen indicator and pH indicator, emission spectra of the 
dually sensing material DS-1 and pH-sensitive probe SM-4 in MOPS buffer solution (pH 9) at 
pO2 = 0 kPa (λex/ λem = 490/530 nm for CF, λex/ λem = 525/670 nm for PdTFPP).  
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Figure 4.17 Emission spectra of oxygen and pH indicators in the dually sensor membrane 
DS-2 (CF/pHEMA as pH indicator and Ru(dpp)3

2+/PtBuS as oxygen indicator, λex = 490 nm) 
at pH 4 and pH 9 and oxygen partial pressure pO2 = 0 kPa and 21 kPa.  
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Figure 4.18 Emission spectra of the indicators in the dual sensor DS-3 (CF/p-HEMA and 
Ru(dpp)3

2+/ormosil microbeads dispersed in hydrogel, λexc = 470 nm) at pH 4 and 9 and 
oxygen partial pressures of 0 kPa and 21 kPa. Included are the spectral cutoffs of the 
absorbance filter used. The shaded area represents the signal detected by the photodetector. 
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4.3.5 Response of the Dual Sensor to pH in the Frequency Domain 

 

In the conventional DLR sensor, the fluorescence of a pH indicator is related to the 

luminescence intensity of a completely inert, long-lived reference luminophore. The behavior 

of such a sensor can be described by a single calibration curve (phase shift Φ vs. pH), which 

is very similar to that presented in Fig. 4.19 (measured in the absence of oxygen). The long-

lived inert reference luminophore of such sensors typically is contained in a gas-impermeable 

polymer (usually in the form of polyacrylonitrile microbeads18) and thus remains unaffected 

by oxygen. In the frequency-domain DLR method the emission of both indicators is measured 

simultaneously, which is achieved by using a 570 nm longpass filter (Fig. 4.18). The shaded 

area represents the part of the emission which passes the filter and is registered by the 

photodetector. 

 The situation becomes more complicated if the reference luminophore is substituted by 

an oxygen indicator. Now, the overall phase shift depends on the concentrations of both 

analytes (Fig. 4.19). We chose a modulation frequency of 30 kHz, which resulted in the work 

functions for pH shown in Fig. 4.19. They show that the response curves of the pH indicator 

have a similar shape at different oxygen concentration (pO2 from 0 - 21.3 kPa). 
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Figure 4.19 pH dependence of the phase shift at 30 kHz in the dual sensor at various oxygen 
partial pressures (in gas-equilibrated buffer solution). Lines represent fits via eq. 4.1. 
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For given oxygen level the plots are well described by eq. 4.1. Fitting gives a pKa of 6.21, and 

x is 1.932, both parameters being independent of oxygen partial pressure. The fit parameters 

Amin and Amax, reflect the contribution of the luminescence of the oxygen probe (which is 

quenched) to the overall phase shift.  

 The data could be well described by algorithms identified with the Table Curve 2D 

software. The resulting equations characterize the plots for the parameters Amax and Amin vs. 

the oxygen partial pressure (Fig. 4.20) by a mono-exponential decay model (standard 

deviation r2 = 0.99965):   

DeBA
C

pO

+⋅=








− 2

                                                      (4.6)  

where A is the phase shift at deprotonated (Amax) and protonated (Amin) form; and B, C and D 

are fit parameters. 
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Figure 4.20 Dependence of the parameters maxA  and minA  on the oxygen concentration at a 

modulation frequency of 30 kHz. Lines represent fits via eq. 4.6 (mono-exponential decay 
model).  
 

The following fit parameters were thus obtained from eq. 4.6: Bmax = 14.817, Cmax = 18.580 

and Dmax = 26.281 for Amax, and Bmin = 12.984, Cmin = 21.331 and Dmin = 20.878 for Amin. The 

fit parameters were introduced to eq. 4.1. After mathematical conversion, the following 

equation is obtained for pH calculation: 
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4.3.6 Response of the Dual Sensor to Oxygen in the Frequency Domain 

 

One way to describe the response of the sensor to oxygen is to use the formula for 

compensation of the background fluorescence61. The equation was used for screening the 

fluorescence of pH indicator in the dually sensor. The phase shifts are measured at 30 kHz (f1) 

and 60 kHz (f2). The fluorescence of the pH indicator does not affect the decay time of the 

long-lived luminophore calculated according to eq. 4.8 at two different frequencies:  

 

 

 

                                                            

  

                                                                                                                                    (4.8) 

 

where Φ1 and Φ2 are the phase shifts at modulation frequencies f1 and f2. 

 The equation enables the calculation of the decay times of long-lived luminescent 

indicators in the presence of another fluorescent dye. Overall phase shifts measured at 30 and 

60 kHz in the absence of oxygen (see Fig. 4.19) depend on the pH value since the 

luminescence of the pH indicator contributes to the overall phase shift. However, if eq. 4.8 is 

used, the decay time calculated for the oxygen indicator (τ0 = 5.38 ± 0.05 µs) remains 

constant from pH 3 to pH 9.  

 The response function of the dual sensor towards oxygen is presented in Fig. 4.21. 

Again, eq. 4.6 was used for fitting (correlation coefficient r2 = 0.999), and the following fit 

parameters were obtained: B = 1.354.10-6, C = 11.956 and D = 4.031.10-6. The oxygen 

concentration can be calculated via the following eq. 4.9: 
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 where τ is the decay time calculated via eq. 4.8. 
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Figure 4.21 Response function of the dual sensor towards oxygen at pH 3 to 9. The data 
overlap completely. The square data points are the decay times as calculated via eq. 4.8. The 
line represents a fit via eq. 4.6.  
 

 

4.3.7 Sensor Homogeneity 

 

The homogeneity of the materials is very important for any sensor making use of the m-DLR 

technique along with bead indicators since good spatial resolution of calibration plots can be 

compromised by such inhomogeneities. Figure 4.22 shows a photographic image of a sensor 

membrane (DS-3) taken on a fluorescent microscope. In order to avoid aggregation of the 

particles, their concentration (at the same mass ratio of SB-3 to SB-4) in the hydrogel was 

reduced by a factor of 10. The size of both the pH-sensitive (green fluorescent) particles, and 

of the oxygen-sensitive (red fluorescent) particles is estimated to range between 1 and 3 µm.  
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Figure 4.22 Photographic image of the sensor foil DS-3.  
 

The size of the microparticles is indeed sufficient to obtain a highly homogeneous sensor 

layer for measurements using a 2 mm optical fiber, and also adequate for fiber tips as thin as 

100 µm. This was proven by measurement of the phase shifts (at pH 8 and 0 kPa pO2) of 7 

randomly chosen spots of 2 mm diameter punched from a 20×30 mm piece of sensor foil. The 

standard deviation of the phase shift Φ at a modulation frequency of 60 kHz is higher (Φ = 

41.17 ± 0.19) than at a frequency of 30 kHz (Φ = 33.56 ± 0.07), however it does not exceed 

0.45%.  

 

4.3.8 Validation 

 

The response functions were validated with test solutions of pH 7.53, 6.50 and 4.46, 

respectively. They were equilibrated with oxygen to give a pO2 of 5.10 and 15.20 kPa, 

respectively. Phase shifts were then determined at 30 and 60 kHz. The data obtained were 

used to calculate the oxygen concentration via eq. 4.9 and introduced into eq. 4.7 to obtain the 

pH value. Table 4.4 compares the calculated and real values of pH and pO2. The deviations 

between real and calculated pO2 do not exceed 15%, while the highest error in pH 

determination is 0.23 pH units. One can observe, however, that the calculated pO2 is always 

slightly higher than the pO2 applied. This systematic error is most likely due to the difference 

in the temperatures when calibrating (20 °C) and when validating (23 °C) the sensors, a fact 

that unfortunately was discovered after the completion of the experiments only. It is 

known62,63 that the sensitivity of this oxygen probe increases with temperature. 
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Table 4.4 Determination of the pH and pO2 in kPa by the dual sensor in test solutions (at 
20°C). 
 
Solution no. analyte adjusted values calc. values Error: ∆pO2, ∆pH 

pO2 5.10 5.70 0.60 1 

pH 6.50 6.60 0.10 

pO2 15.20 16.19 0.99 2 

pH 6.50 6.43 0.07 

pO2 5.10 5.61 0.51 3 

pH 7.53 7.38 0.15 

pO2 5.10 5.87 0.77 4 

pH 4.46 4.49 0.03 

pO2 15.20 16.79 1.59 5 

pH 4.46 4.23 0.23 

pO2 15.20 16.44 1.24 6 

pH 7.53 7.72 0.19 

 

 

4.4 Conclusion 

                                                                                                                                  

New sensor materials are introduced that enable simultaneous sensing of pH and dissolved 

oxygen. Three different dual sensor materials were investigated which consist of PdTFPP or 

Ru(dpp)3
2+ complexes as oxygen indicator and carboxyfluorescein as pH indicator. The 

fluorescent indicators are immobilized in different kinds of organic polymer microbeads, 

which in turn are contained in a hydrogel matrix. This approach displays significant 

advantages over sensor materials with homogeneously dissolved indicators in that (a) the 

selectivity and sensitivity of indicators can be controlled; (b) cross-sensitivities (e.g. due to 

quenching) can be reduced to a minimum; (c) the system is much more photostable because 

the singlet oxygen produced in the oxygen beads cannot decompose the pH indicator 

contained in the other beads. A disadvantage of the dually sensing material based on 

PdTFPP/PSAN and CF/pHEMA was an inner-filter effect, and of the sensor membrane with 

Ru(dpp)3
2+/PtBuS and CF/pHEMA microparticles the low sensitivity of the oxygen indicator. 

However, the dual sensor based on Ru(dpp)3
2+/ormosil and CF/pHEMA microparticles has no 

such effects and can be used for biological applications as a dual sensor for simultaneous 
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monitoring of oxygen and pH in aqueous sample solutions.   
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Chapter 5 

 
 

Fiber Optic Microsensor for Simultaneous Sensing of Oxygen and 

pH 
 

Fiber optic microsensor with a tip diameter of ~140 µm have been developed that enable 

simultaneous measurement of dissolved oxygen (DO) and pH. The tip of the optical fiber 

was covered with a sensor composition based on luminescent microbeads that respond to 

the respective parameter by a change in the decay time and/or intensity of their 

luminescence. The use of microbeads enables the ratio of the signals to be easily varied and 

also reduces the adverse effect of singlet oxygen that is produced in the oxygen-sensitive 

beads. Luminescence measurements were performed in the frequency domain. The 

microsensor for DO/pH relies on a modified dual luminophore referencing (DLR) scheme 

in which measurements are performed at two different modulation frequencies and where 

only one excitation source (an LED) is used. The sensor material was read out with a 

commercially available reader. Since the sensing scheme is self-referenced in being based 

on the measurement of a phase shift, the microsensor does not suffer from drifts in the 

opto-electronic system and from variations in probe concentration, sensor layer thickness, 

sample turbidity and color, and sample refractive index, which are common drawbacks of 

intensity-based sensors. (Anal Chem 2007, submitted)  

 

 

5.1 Introduction 

 

Oxygen and pH are key parameters in environmental monitoring1,2,  marine research3,4, in 

food industry5-7, biotechnology8-10, and in medicine11. Simultaneous measurement of two of 

these parameters is often required in complex media and processes12,13. Moreover, knowing 

temperature is particularly important in optical sensing of oxygen since quenching by oxygen 

always is highly temperature dependent14,15. Recently, materials have been reported for 

simultaneous optical sensing of two parameters16-19. Optical sensing is particularly 

advantageous over other methods since it makes possible virtually non-invasive 
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measurements, e.g. through the glass window of a reaction vessel or bioreactor. In this case, a 

spot of sensing material is located on a wall inside the reaction vessel, while reading (by 

reflectance, fluorescence etc.) is performed from outside. There are, however, numerous 

situations where such a sensor spot cannot be easily located at the site to be monitored, for 

example when it comes to perform measurements inside the body.  

 Microsensors represent an elegant solution in this limitation. Because of its size (20 – 

200 µm are typical), a microsensor can be placed inside the body using a protective housing 

such as a steel needle, and still will remain only minimally invasive20. Fiber optic 

microsensors are easier to fabricate than micro-electrodes. While numerous kinds of fiber 

optic chemical sensor and biosensors have been described so far21, it must be noted that not a 

single fiber optic (or other) sensor has survived on the market for in-vivo monitoring of blood. 

One major reason (aside from problems associated with inflammation and sensor fouling) is 

the size of the sensor head, since at least three parameters are to be monitored in critical care 

medicine. If a single sensor tip can measure n parameters simultaneously, the size required for 

the sensor array is reduced by a factor of 1/n, and the sample volume to a similar extent.  

 Microsensors capable of simultaneous measurement of several parameters also are the 

sensor of choice if high spatial resolution is required. Microsensors capable of measuring a 

single analyte such as oxygen22-24, pH25-27, carbon dioxide28,29, or potassium ion30 have been 

reported. Two our knowledge, the only microsensor proposed so far that would enable 

simultaneous monitoring of two analytes was reported by Ji and Rosenzweig (a sensor for 

Ca2+ and pH)31. It makes use of a mixture of two indicators, both immobilized at the tip of an 

optical fiber and excited with a laser beam. It requires measurement of fluorescence intensity 

(rather than decay time) at three wavelengths using a CCD camera. The approach made by 

Walt and co-workers32,33 who positioned µm-sized sensing beads at the end of a fiber bundle 

array is highly promising in terms of multi-analyte sensing, but is intended for imaging 

purposes only and does not allow for dual sensing using a single fiber.  

 We report on microsensor that is capable of simultaneous and continuous sensing of 

pO2 (DO) and pH. A frequency domain method is applied for interrogation in order to warrant 

excellent long-term stability. The approach is fully compatible with a commercially available 

compact fiber optic oxygen microsensor34,35.  
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5.2 Experimental 

 

5.2.1 Materials 

 

The polyurethane hydrogel (type D4) was obtained from Cardiotech (www.cardiotech-

inc.com). The pH-sensitive microbeads consisted of 8-hydroxy-pyrene-1,3,6-trisulfonate 

(HPTS; from Fluka, www.sigmaaldrich.com) that was covalently immobilized (via its 

trisulfochloride)36 on an amino-modified poly(hydroxyethyl methacrylate) (p-HEMA) that 

was copolymerized with N-aminoethylacrylamide) and was obtained from Presens37 

(www.presens.de). The oxygen probe ruthenium(II)-tris-4,7-diphenyl-1,10-phenanthroline 

[Ru(dpp)3(TMS)2 salt] was synthesized as described before38. The preparation of organically-

modified sol-gel beads ("ormosil") polymer was reported elsewhere35,  as was the preparation 

of the oxygen-sensitive ormosil beads (Ru(dpp)3
2+ in ormosil)18. All chemicals and solvents 

were of analytical grade and used without further purification. Calibration gases (nitrogen and 

oxygen, each of 99.999 % purity) were purchased from Linde (www.linde-gase.de).    

 Doubly distilled water was used for the preparation of the buffer solutions. Their pH 

was controlled with a digital pH meter (Knick, www.knick.de) calibrated at 20 ± 1 °C with 

standard buffers of pH 7.0 and 4.0 (Merck; www.merck.de). The pH of solutions was adjusted 

(to within +/- 0.03 units) to the desired value using MOPS buffers. These were adjusted to 

constant ionic strength (I = 140 mM) using sodium chloride as the background electrolyte39.  

 

5.2.2 Preparation of the Microsensor 

 

Sensor cocktail was prepared by dispersing 10 mg of the Ru(dpp)3
2+/ormosil microbeads and 

14 mg of the HPTS/p-HEMA microbeads in 500 mg of a 5% wt. solution of the polyurethane 

hydrogel in an ethanol/water (9:1; v:v) mixture. This cocktail was stirred overnight. The tip of 

a 140-µm bifurcated optical glass fiber (from GP Fiber Optics; www.gp-fiberoptics.de) was 

coated with the sensor chemistry by immersing it into the cocktail and subsequently drying 

the material at ambient air for 24 h at room temperature. Figure 5.1 shows photographic 

images of the microsensor during excitation.  
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Figure 5.1 Photographic images during excitation with a 470-nm LED. The sensor tip 
(pH/O2) displays the blue color of the 470-nm LED and some red and green luminescence 
that results from the dual sensor. 
 

 

5.2.3 Components of the Optical System for Dual Sensing of O2/pH  

 

In case of SC-2, the measurements were performed using a single pH-1 Micro device (see Fig. 

5.2). The light from a 470-nm LED was filtered through a short-pass filter (BG 12; Schott). 

Luminescence was detected by a photodiode (PD) after being filtered through a customized 

long-pass filter with a medium cut-off wavelength of 550 nm. The excitation light of a 470-

nm LED was modulated at two modulation frequencies of 30 and 60 kHz, respectively. Decay 

times were calculated using the equation τ = tanφ /2πf, where φ is the measured phase shift 

and f the modulation frequency of the respective LEDs. 

   

 

 

Figure 5.2 Components of the optical system used with the pH/O2 dual microsensor using a 
phase-resolving reader (pH-1 Micro). PD:  photodiode.  

 



5. Fiber Optic Microsensor for Simultaneous Sensing of Oxygen and pH 

 

 114 

 

5.2.4 Response Curve  

 

Microsensors (10 pcs.) were immersed into a 100-mL glass beaker containing 30 mL of 

buffer solution of defined pH. Nitrogen/oxygen gas mixtures, whose composition and flow 

rate was controlled by a gas mixing device (GVS; from MKS; www.mksinst.com), were 

bubbled through the buffer solution to adjust the desired concentrations of dissolved oxygen. 

All data were performed at constant temperature 25 oC.  

 Reproducibility tests and response curves were obtained by rapidly (within 1 s) moving 

a microsensor from one beaker to another, having different concentration of the analytes (pH; 

oxygen). 

 Photographic images of the sensor cocktails spread as thin films (Fig. 5.3) were 

acquired using a Leica DC 200 digital color camera mounted onto a Leica DMRE 

fluorescence microscope (www.leica-microsystems.com). The cocktails were coated on the 

polyester support to result in films after solvent evaporation. To avoid aggregation, the 

concentration of the beads in the films was reduced by a factor of 10 compared to the 

concentration in the microsensor. Photographic images of the sensor tip (Fig. 5.1) were 

obtained using a color Motic 1.3 Mpixel CCD-camera (type Moticam 1000; www.motic.com) 

mounted onto a Zeiss stereomicroscope (type STEMI 2000-C; www.zeiss.com). 

 

5.2.5 Experimental Data Fitting 

 

2D plots were fitted using Origin® vs. 6.1 (www.originlab.com). The equations were solved 

using Maple software (vs. 8; www.maplesoft.com). 

 

 

5.3 Results and Discussion 

 

5.3.1 Choice of Materials  

 

The principle of designing the materials capable of simultaneous sensing of two analytes is 

straightforward: two probes are designed and then combined so that cross-sensitivity to the 

other analyte is avoided or minimized. That is best achieved by using microbeads that can be 

dispersed in a single polymer matrix that needs to be permeable, however, to both parameters. 
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For sensor materials such as for pO2/pH, this approach also allows for an easy fine-tuning of 

the response range of a sensor. 

 The probes were chosen mainly by considering the criteria of (a) sensitivity (resolution 

over the range of interest); (b), photoexcitation with LEDs and – preferably – at one excitation 

wavelength only; (c) distinctly different decay times of luminescence; (d), readout via a 

commercial reader. The ranges of interest are as follows: 0-21 kPa oxygen, pH 6 – 8. As a 

reader, we envisioned the use of pH-1 micro. 

 The composite material of microsensor makes use of the two types of polymer 

microbeads – oxygen-sensitive and pH-sensitive ones. For the preparation of the oxygen-

sensitive microbeads, the oxygen indicator Ru(dpp)3
2+ was entrapped into highly gas 

permeable organically modified silica (ormosil). Thus, optimal sensitivity to oxygen was 

achieved. Microbeads containing HPTS immobilized on the amino-modified p-HEMA were 

used as pH probes. The Ru(dpp)3
2+/ormosil and HPTS/pHEMA microbeads were dispersed in 

a biocompatible hydrogel matrix which is permeable to both oxygen and protons. Platinum(II) 

porphyrin complexes as well as various ruthenium(II)polypyridyl complexes are viable 

oxygen indicators and are widely in optical sensing and imaging of oxygen40-42. 

 The size of the beads is critical for sensor properties, such as sensitivity and dynamic 

response, and even small inhomogeneities can produce significant deviation in case of 

microsensors. That is particularly true for the pH/O2 microsensor, since fluorescence intensity 

of the pH indicator is a referenced parameter. Figure 5.3 shows images of the microbeads 

obtained with fluorescence microscopy. Sensor cocktails containing only single type of 

microbeads were coated on the polyester support and were allowed to dry to result in films. 

Typically, the size of the microbeads varies from 3 to 10 µm; in case of HPTS/pHEMA beads 

some bigger aggregates (up to 15 µm) are also visible. As will be shown the size of the beads 

is sufficient to obtain reproducible results.  
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Figure 5.3 Photographic images (obtained with a fluorescence microscope) of the sensor 
materials: a, Ru(dpp)3

2+/ormosil (oxygen sensitive) beads in hydrogel; b, HPTS/pHEMA (pH 
sensitive) beads in hydrogel. 
 

 

5.3.2 Spectroscopy and Optoelectronic System 

 

In the microsensor for pH and oxygen, a modified dual lifetime referencing method (m-DLR) 

was applied that was described in some detail previously43. The pH probe (HPTS) with its 

excitation/emission maxima of 468/542 nm, respectively, and the oxygen probe (Ru(dpp)3
2+) 

with its absorption/emission maxima of 468/608 nm, respectively, were simultaneously 

excited with a single LED. The overall phase shift of the luminescences at above 550 nm is 

detected at modulation frequencies of 30 and 60 kHz, respectively. This results in an 

information on the pH-dependent fluorescence intensity of the pH probe (see below), and on 

the oxygen-dependent luminescence decay time of the oxygen probe. Because the 

fluorescence intensity is actually referenced against the decay time, such sensors do not suffer 

from drifts of the opto-electronic system and variations in the optical properties of the sensor 

material (including probe concentration and layer thickness) and of the sample (including 

turbidity, intrinsic sample coloration, and refractive index) which are common drawbacks of 

intensity-based sensors.   
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5.3.3 Response of the Sensor 

 

Figure 5.4 gives the experimental data. Measurement at two modulation frequencies (30 and 

60 kHz) is adequate to end up with equations for the response of both analytes. The curves 

obtained with aqueous solutions of various pO2 partial pressures can fit by the following 

equation (r2 > 0.997):  

   ,
101
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+
+

−
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−                          (5.1) 

where Φ is overall phase shift, Amax, Amin and x are numerical coefficients. Amax and Amin are 

numerical values of the phase shift of the pH probe in fully protonated (Amin) and fully 

deprotonated (Amax) form, respectively.  
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Figure 5.4 Response of the microsensor to pH at different oxygen partial pressures in 
buffered solutions (pO2, kPa). Lines represent a fit using eq. 5.1. 
 

The pKa is an intrinsic property of the (immobilized) probe and found to be independent of 

the pO2 (pKa = 7.651 ± 0.096 and pKa = 7.651 ± 0.07; calculated for modulation frequencies 

of 30 and 60 kHz, respectively). The coefficient x does not depend on pO2 either. It is slightly 
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affected, however, by the modulation frequency used (x = 0.737 ± 0.076 and x = 0.663 ± 

0.060 at modulation frequencies of 30 and 60 kHz, respectively). On the other side, 

coefficients Amax and Amin reflect the contribution of the oxygen probe (which is quenched) to 

overall phase shift. They are plotted vs. pO2 in Fig. 5.5. 
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Figure 5.5 Dependence of the fitting parameters Amax and Amin on the oxygen partial pressure 
at modulation frequencies of 30 kHz (a) and at 60 kHz (b). Lines represent a fit using a mono-
exponential decay model.  
 

The dependence of Amin and Amax on pO2 is best described by a monoexponential decay 

model of the form 

     y = B ⋅ exp(-pO2/C) + D                                          (5.2)  

where y = Amax or Amin; B, C and D are fitting parameters. The respective numerical values are 

given in Table 5.1. If Amin and Amax are introduced into the equation of monoexponential 

decay model, the following equation for pH is obtained:  
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Equation 5.3 can be applied for the calculation of pH both at 30 and 60 kHz. 
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Table 5.1 Numerical data for the fitting parameters of eq. 5.2 at various modulation 
frequencies.  

modulation frequency B C D 

Amax = 30 kHz 22.52 20.40 10.83 
Amin = 30 kHz 18.77 18.88 5.93 
Amax = 60 kHz 31.68 34.60 11.72 
Amin =  60 kHz  15.438 16.616 13.374 

 

The fluorescence intensity of the pH probe is referenced against the phase shift of the oxygen 

probe in the m-DLR method. As a result, the resulting "initial" (first approximation) pH value 

calculated from these data depends on the oxygen partial pressure, which therefore needs to 

be calculated first in order to compensate for its effect on the initial pH value.  

 The response function of the oxygen probe can be described by the formula given in eq. 

5.4. If the frequencies f1 and f2 are smaller than 100 kHz, this equation eliminates the 

contributions of both the pH probe (HPTS) with its decay time in the order of 5 ns, and of 

course also that of ns-lived background fluorescence. Our working frequencies are 30 and 60 

kHz. The overall phase shift is determined at two different modulation frequencies as   

  

(5.4) 

 

where Φ1 and Φ2 are the measured phase shifts at modulation frequencies f1 and f2. The 

response curves are shown in Fig. 5.6. For the sake of simplicity, only data for three different 

pH values are shown. It is evident that there is no cross-sensitivity to pH.  

 Averaged values obtained for each individual microsensor at all pH's tested (i.e., pH 10, 

9, 8, 7, 6, 5 and 4) were used to generate an average response curve (Fig. 5.6b). Again, a fit 

employing a monoexponential decay model is adequate (r2 is 0.998). The fit parameters B, C 

and D are 2.864⋅10-6, 16.585 and 1.942⋅10-6, respectively. Hence, the equation for calculating 

the pO2 can be written as follows: 
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 where τ is the decay time calculated via eq. 5.4. 

 



5. Fiber Optic Microsensor for Simultaneous Sensing of Oxygen and pH 

 

 120 

0 5 10 15 20 25

2.5

3.0

3.5

4.0

4.5

5.0

0 5 10 15 20 25

2.5

3.0

3.5

4.0

4.5

5.0
(b)

ττ ττ ,
 µ

s

 

 

 

pO2, kPa

ττ ττ ,
 µ

s
 

 

 

 pH 8

 pH 6

 pH 4

pO2, kPa

(a)

 

 

Figure 5.6 Response of the microsensor to dissolved oxygen: a, response at different pH of 

solution; b, medium curve, where points represent averaged values for all individual 

microsensors at all pH values; the curve represent a fit using monoexponential decay model. 

 

 

5.3.4 Response Times  

 

The response to oxygen of pH/O2 microsensor took 30 s in average in both directions. The 

response of the pH/O2 sensor to pH (t95) varied from batch to batch but averaged 2 min when 

going from pH 4 to pH 9, and 3 min in the reverse direction. This is rather long and may be 

explained by diffusional barrier in the polymers and, possibly, electrostatic repulsion of 

protons in the pH beads.  

 

5.3.5 Photostability  

 

The dual microsensor makes use of highly photostable indicators, specifically Ru(dpp)3
2+ (O2) 

and HPTS (pH). Since the light intensities used to induce their luminescence at the tip of the 

optical fibers significantly exceed those used in case of planar sensor foils, photodegradation 

can be a critical issue even for indicators that possess good photostability in other conditions. 
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Nevertheless, we have found that the microsensor exhibited surprisingly good photostability. 

The pH/O2 microsensor was drift-free at pH 4 under 0 and 21.3 kPa O2. No noticeable drift of 

phase shift was observed for the microsensor at pH 9 and oxygen-free condition. However, 

increases in the overall phase shift (∼ 0.35o per 500 data acquisition points was observed at 

pH 9 under air saturation, which was accompanied by a decrease of luminescence intensity (∼ 

3% per 500 measuring points). Assuming the acquisition of one data point per min (as is usual 

in practice), a drift of 0.35° will be found after an operation time of 8.3 h. The total phase 

shift at 60 kHz on going from pH 5 to pH 10 is typically 10 – 13° (depending on pO2). The 

increase in phase shift indicates decomposition of the pH indicator and is likely to be due to 

singlet oxygen generation by the oxygen-sensitive probe in the presence of molecular oxygen.   

 

5.3.6 Validation  

 

The performance of the microsensors was continuously tested at various conditions of pH and 

pO2. The experimentally determined phase shifts and the data calculated for pO2 and pH are 

shown in Fig. 5.7. Equation 5.5 was used to determine pO2, and pH values were then 

calculated with the help of eq. 5.3.  

0 10 20 30 40 50 60

0

10

20

5

6

7

8

9

20

30

40

21.3 kPa

8.1 kPa

 

 

p
H

0 kPa

pH 5.41

pH 8.63

pH 6.98

  

time, min

30 kHz

p
O

2
, 

k
P

a
p

h
a

se
 s

h
if

t,
 °  

 

60 kHz

 

 

Figure 5.7 Performance of the pH/pO2 microsensor. Experimental phase shifts were 
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measured at 470-nm excitation at modulation frequencies of 30 and 60 kHz. pH values and 
oxygen partial pressures were calculated from eq. 5.3 and 5.5, respectively. All measurements 
were performed at 25 oC in aqueous solutions. 

 

 As can be seen from Fig. 5.7, continuous dual sensing is possible in a highly 

reproducible fashion over the whole period of the experiment, and the sensor responds fully 

reversibly to the changes of pH and oxygen partial pressure.  

 

 

5.4 Conclusion 

 

We have developed optical microsensor which is capable of simultaneous measurement of 

two important parameters such as pH and dissolved oxygen. The undesired cross-sensitivities 

to the other analyte are avoided by using analyte-sensitive microbeads, which are 

homogeneously dispersed in a sensor matrix. The microsensor relies on measurements of 

luminescence phase shift which is achieved by commercially available sensor reader devices. 

The sensors show good reproducibility, excellent photostability and full reversibility. They 

can be successfully applied for minimal-invasive measurements of high spatial resolution.  
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Chapter 6 

 

 

Simultaneous Non-invasive Monitoring of Dissolved Oxygen and 

pH During Bacterial Growth in 24-well Microplates   
 

A new approach is proposed for non-invasive, simultaneous monitoring of oxygen and pH 

in 24-well microbioreactors. Sensor spots of a dually sensor material are placed on the 

bottom of a standard 24-well microplate while reading is performed by a 24-channel 

lifetime reader. The performance of the system is demonstrated by monitoring pH and 

oxygen kinetics during a cultivation of Pseudomonas putida and Escherichia coli. The 

results obtained for cultivation in the 3-mL microbioreactors and in 500-ml cultivation 

flasks are similar. The proposed approach is suitable for a variety of applications in high-

throughput bioprocessing. (Biotechnol Bioeng 2007, submitted) 

 

 

6.1 Introduction 

 

In industrial biotechnology bacterial strains produce substances like fine chemicals, 

antibiotics, amino acids, vitamins, enzymes or biopolymers on a large scale. In this field there 

is a high demand for optimization of production processes and new applications. In medical 

and pharmaceutical biotechnology, tissue engineering for the renewal of injured body parts or 

transplantation of patient-own tissue opens new perspectives, as well as stem cell-based 

therapies offer new perspectives. Fast and reliable detection of diseases and genetic defects 

are other examples for the huge fields of application. In “green” biotechnology, properties of 

the plants are changed according to particular requirements, such as resistance to diseases or 

high productivity. For all these applications, microorganisms like bacteria, yeast or fungi, or 

higher cells like mammal or plant cells, need to be cultivated under controlled conditions, 

since biotechnological processes are extremely complex and often very sensitive to 

environmental changes. Assay optimization regarding different environmental parameters like 

temperature, pH value, oxygen concentration and media composition has to be performed for 
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ideal growth and expression. 

 Although standard systems like Petri dishes, T-flasks or shake flasks allow for a high 

number of screening experiments and optimization steps within a short time, only a few 

parameters (such as temperature or CO2 concentration) can be controlled. On the other hand, 

bioreactors can monitor and control a variety of ambient conditions, like temperature, pH, 

dissolved oxygen (DO) and agitation, but are limited in their throughput. Furthermore, due to 

their large volume, they are not suitable for cells which are available only in limited amount. 

 Process development and optimization studies can be significantly intensified by using a 

high-throughput bioprocessing in simplified bioreactors like microplates wells which enable 

highly parallel and low-cost experiments. Optical sensing allows for easy miniaturization of 

the sensing element, non-invasiveness and disposability of the sensor. Several sensing 

elements enable simultaneous measurement of important parameters as DO and pH. Oxygen 

is a necessary substrate for most living beings, and its monitoring is of great importance in 

biotechnology to avoid oxygen limitation during cultivation, or for comparison of cell 

respiration under different conditions. Furthermore, optimal cell growth is significantly 

influenced by pH. Since many cells produce or consume acids during their metabolism, this 

parameter has to be monitored carefully as well. It is not only necessary to monitor and 

control these two parameters1-6, but also to understand how they influence viability and 

productivity of a bioprocess. Although optical sensing of DO7-11 and pH7,12 in microplates has 

recently been demonstrated, no realistic system for simultaneous monitoring of both 

parameters was proposed so far. In contrast to using two sensors for detection of one 

parameter each, simultaneous detection of several parameters with only one sensor gives 

information of both parameters at exactly the same location. This is especially important if 

these parameters are not homogeneously distributed within the sample. Several systems do 

allow for simultaneous measurements of dissolved oxygen and pH in a single microbioreactor, 

but can hardly be applied to high-throughput bioprocessing due to the complicity of the 

microbioreactor, sensing element or detection system. For example, an array sensor developed 

by Ferguson et al.13 was reported to be suitable for monitoring of O2, pH and CO2 

simultaneously. The manufacturing of this sensor is however rather complicated and involves 

a low reproducible procedure including irradiation of different parts of the sensor to start 

photopolymerization and then soaking the spots with indicator solutions and buffers. Kostov 

et al.1 have placed oxygen- and a pH-sensitive spots on the inner wall of a standard glass 

cuvette (2 ml vol.) while a fiber-optic detection system was located outside. A 

microbioreactor of Zanzotto et al.14 also contained two sensor spots combined with a 
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complicated detection system consisting of numerous excitation sources (LEDs), excitation 

filters and photodetectors. A similar approach was recently used by Zhang et al.15.  Finally, 

Harms et al.16 have managed to monitor pH and oxygen in 24-microwells simultaneously. 

Obviously, the main disadvantage of all these systems is a significant effort needed to 

produce the sensing device and the disposable material (e.g. a 24-well microplate containing 

two indicator spots in each well), which significantly increases the cost of both components.  

 Recently, we developed a number of materials suitable for simultaneous optical sensing 

of two analytes: oxygen and temperature17,18, carbon dioxide and oxygen19,20, and pH and 

oxygen21. The sensor materials are composed of a polymer layer, in which two types of 

microbeads (each sensitive to one analyte) are dispersed. Such materials can be prepared as a 

planar sensor foil, but also directly in a microplate, by pipetting a sensor “cocktail” into the 

wells. The procedure, therefore, can be easily automatized. The sensors for simultaneous 

sensing of pH and DO21 and carbon dioxide and oxygen19 relied on the modified Dual 

Lifetime Referencing (m-DLR) measuring method. The method makes use of two indicators 

(a fluorescent pH indicator and an oxygen indicator with long-lived luminescence) contained 

in a polymer matrix and excited simultaneously by sinusoidally modulated light. The 

emission of both is registered by a single photodetector. The overall phase shift of 

luminescence, when measured at two different modulation frequencies f, provides information 

about the concentration of both analytes. Thus, the instrumentation is rather simple because 

only one excitation LED and once set of optical filters is required.  

 We showed previously19 that monitoring of carbon dioxide and oxygen in the gas phase 

during bacterial growth (Pseudomonas putida) in a single bioreactor can be successfully 

performed by using a dual sensor (requiring, however, two sets of excitation and emission 

filters, as well as LED sources). In this work we will demonstrate that non-invasive 

measurement of the two analytes (pH and DO) during a bioprocess (cultivation of 

Pseudomonas putida and Escherichia coli) becomes possible for 24-well microplates using a 

commercially available 24-channel lifetime reader (SensorDish®).  

 

 

6.2 Experimental  

 

6.2.1 Preparation of the Dually-Sensing Material 

 

The material for simultaneous sensing of pH and oxygen was prepared analogously to the 
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procedure described previously21. In this work we used the pH-sensitive microbeads based on 

8-hydroxy-pyrene-1,3,6-trisulphonate (HPTS). Absorption of HPTS is compatible with 

emission of the 470 nm-LED used in the 24-channel SensorDish® Reader. For the preparation 

of the dually-sensing material we used 20 mg of the pH-sensitive microbeads (HQ-N-1-HP1, 

obtained from PreSens GmbH, Germany), 10 mg of the oxygen-sensitive microbeads 

(Ru(dpp)3(TMS)2 in ormosil particles) and 300 mg of 5% solution of polyurethane hydrogel 

in ethanol:water (90:10 v/v). This "cocktail" was stirred overnight, knife-coated (K Control 

Coater, www.labomat.com) onto a 125 µm - polyester support, and dried at ambient air to 

obtain sensor film in a thickness of about 10 µm. 

 

6.2.2 Instrumentation 

 

Calibration of the sensor and bacterial growth experiments were performed in 24-well 

microplates (Roth, Germany, www.carl-roth.de). The plates were read out with the 24-

channel SDR SensorDish® Reader (PreSens GmbH, Germany, www. presens.de). The general 

view of the SensorDish® Reader and the cross-section of a well of a microplate are shown in 

Fig. 6.1. The spots of the dually-sensing material were glued on the bottom of each well with 

silicone high vacuum grease and read out through the microplate bottom. The sensor spots are 

excited by a 470 nm LED and the fluorescence is detected for wavelength higher than 540 nm. 

The excitation light was modulated sinusoidally with subsequent frequencies of 45 kHz, and 

22.5 kHz. Every sensor is read out by a separate channel. It takes only a few seconds per 

frequency to scan all 24 sensors, so that the oxygen or pH detections are performed almost 

simultaneously for all samples. 

 

                                     

 

Figure 6.1 24-channel SensorDish® Reader on the shaker (left) and cross-section of a well of 
a microplate with included sensor at its bottom (right). Excitation and detection of the 
emission is performed through the bottom of the plate. 
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In a control experiment, monitoring of DO during bacterial growth was also performed by an 

oxygen meter Fibox 3 (PreSens, Germany) using spots of oxygen-sensing material glued to 

the inside wall of an Erlenmeyer flask (Fig. 6.2). The emission of the sensor spot is read out 

through the transparent bottom of the flask using a coaster (CFG, PreSens, Germany). The 

coaster contains a polymer optical fiber and redirects the light, thus enabling excitation of the 

sensor and detection of the signal from the bottom of the flask (Fig. 6.2, right). 

 

 

 

Figure 6.2 Oxygen meter Fibox 3 with polymer optical fiber (left); oxygen sensor spots 
(middle); a sensor spot glued to the bottom of an Erlenmeyer flask and read out by a coaster 
from below (right). 
 

 

6.2.3 Calibration of the Dual Sensor 

 

The spots of the dual optical sensor were glued with silicone high vacuum grease (Merck, 

Germany, www.merck.de) on the bottom of transparent glass vials (∅ 14 mm, h 45 mm, 

Chromatografie Zubehör Trott, Germany, www.czt.de). Calibration gases (nitrogen and 

oxygen, each of 99.999% purity, purchased from Linde, www.linde-gase.de) were prepared 

by a gas mixing device (MKS, Wilmington, www.mksinst.com). The gas mixtures were 

bubbled through the buffer solutions (3 ml in each vial) to adjust concentration of the DO. 

Doubly distilled water was used for the preparation of the MOPS buffer solutions (Roth, 

Germany). The pH was controlled with a digital pH meter (Knick, www.knick.de). All 

solutions were adjusted to constant ionic strength (I = 140 mM) using sodium chloride 

(Merck) as the background electrolyte. Calibration of the dual sensor was performed at 25 °C 

and 37 °C inside an incubator (Memmert GmbH, Germany, www.memmert.com). 
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6.2.4 Bacterial Cultivation – Preculture and Growth Experiments 

 

Pseudomonas putida  (P. putida) MIGULA, strain Berlin (DSM 50026) and Escherichia coli 

(E. coli), strain K12, both obtained from the German Collection of Microorganisms and Cell 

Cultures (DSMZ, Braunschweig, Germany, www.dsmz.de), were cultivated on standard agar 

S1 (Sigma-Aldrich) plates for at least 24 h at 25 °C (P. putida) and at 37 °C (E. coli). A 

preparatory culture with 100 ml of culture medium S1 (Sigma-Aldrich) was inoculated with a 

single colony of the respective bacteria. Prior to use, the inoculum was hand-shaken to until 

the solution was homogeneous. The same homogenized inoculum was used for experiments 

in the microbioreactors and in a shaking flask.    

 For monitoring of bacterial growth in a 24-well microplate, 1.5 ml of bacterial 

medium inoculated with bacteria was pipetted into each well and the microplate was closed 

with a microplate lid. Measurement of the luminescence phase shift was performed from the 

bottom using the SDR SensorDish® Reader. A microplate shaker (Variomag, Germany, 

www.variomag.com) was used at a shaker speed ~ 670 rpm to provide sufficient oxygen 

supply during cultivation. The cultivation experiments were performed in the incubator at 

25 °C for P. putida and 37 °C for E. coli. 

In a parallel control experiment, the oxygen decrease during bacterial cultivation was 

monitored using a shaking flask. 50 ml of inoculated bacterial medium were transferred into a 

500 ml Erlenmeyer flask closed with an air-permeable cap. An oxygen sensor spot (∅ 5 mm, 

SP-PSt3-YOP-G-SUP-D5, PreSens GmbH) was glued onto the bottom of the flask with 

silicone rubber (prod. Nr. 692-542, RS Components GmbH, www.rsonline.de). Reading was 

performed from the bottom by a Fibox 3 oxygen meter using a coaster. The Erlenmeyer flask 

was fixed in the flask incubator-shaker (Stuart S150, Bibby Sterilin, United Kingdom, 

www.bibby-sterilin.co.uk) used at a shake speed of 250 rpm.  

 The pH value of bacteria solution before and after cultivation in microplate and in a 

flask was controlled with a digital pH meter (Knick). After cultivation, the biomass was 

determined by measurement of the optical density at 436 nm (OD436) of a 1:100 dilution of 

the bacteria solution with a Hitachi U-3000 UV-VIS spectrophotometer (www.hitachi-

hitec.com). 
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6.3 Results and Discussion 

 

6.3.1 Calibration of Dual Sensor Membrane at 25 °C and at 37 °C 

 

The calibration of the dual sensor was performed according to the protocol described 

previously21. Briefly, in the m-DLR method, measured overall phase shift (Φ) includes 

information about luminescent intensities of both long-lived and short-lived indicators, but 

also about phase shift of the long-lived indicator (Φ of the short-lived fluorescent indicator 

approaches zero at low modulation frequencies, which are in kHz range). All these three 

parameters (and therefore the overall Φ) depend on the concentration of both analytes. We 

have shown previously20,21, that measurement of overall Φ at two different modulation 

frequencies is sufficient to obtain information about concentration of both analytes. 

 Temperature affects the properties of the dually-sensing material significantly. Not only 

the dissociation constant of the fluorescent pH indicator pKa is temperature-dependent, but 

also decay time of the oxygen indicator. Decrease of the decay time (and thus Φ) and 

luminescence intensity of the oxygen sensor are attributed to a thermally activated non-

radiative decay, and is often used in optical temperature sensing17,18,22,23. Quenching of the 

long-lived luminescence by oxygen is increasingly efficient at higher temperatures due to 

faster diffusion of the quencher within the film, which is, in fact, the main reason for cross-

sensitivity of the material to oxygen17,24. All these effects are illustrated by Fig. 6.3, which 

shows the calibration plots for the dually-sensing material obtained at 25 °C and 37 °C for 

gas-equilibrated buffer solutions. 



6. Simultaneous Non-invasive Monitoring of Dissolved Oxygen and pH During Bacterial 

Growth in 24-well Microplates 
 

 133 

4 5 6 7 8 9 10

20

25

30

35

40

45

4 5 6 7 8 9 10

20

25

30

35

40

45

Φ,°Φ,°Φ,°Φ,°

pH

0

4.1
8.1

12.2
16.2
21.3

25 °C

pO
2
, kPa

Φ,°Φ,°Φ,°Φ,°

pH

37 °C

pO2, kPa

0

4.1

8.1
12.2
16.2
21.3

 

 
Figure 6.3 Calibration plots of the dually-sensing material (modulation frequency 45 kHz). 
Lines represent a fit via eq. 6.1. 
 

As can be observed from Fig. 6.3, temperature only has a very minor effect on the form of the 

titration curves and the position of the inflection point. Overall phase shift, however, 

decreases significantly both in the absence of oxygen (due to thermal quenching only) and 

even more pronounced in presence of oxygen.   

 One also can observe that the titration curves are practically identical at different 

oxygen concentrations (pO2 from 0 - 21.3 kPa). For given oxygen level the plots are well 

described by eq. 6.121,25: 

 ,
101
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minmax A

AA
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xpKpH a

+
+

−
=

−                                                                                (6.1) 

where I is the fluorescence intensity, and Amax, Amin, x are numerical coefficients. Amax and 

Amin are numerical values of the fluorescence intensity of the pH indicator in fully protonated 

(Amin) and fully deprotonated (Amax) form, respectively. The fit parameters are identical at a 

given temperature and modulation frequency (45 kHz): pKa is 7.33 and 7.41, x is 0.58 and 

0.65 for 25 °C and 37 °C, respectively. The fit parameters Amin and Amax, on the other side, 

reflect contribution of the luminescence of the oxygen probe (which is quenched) to the 

overall phase shift.  

 The data could be well described by algorithms identified with the Table Curve 2D 

software. The resulting equations characterize the plots for the parameters Amax and Amin vs. 



6. Simultaneous Non-invasive Monitoring of Dissolved Oxygen and pH During Bacterial 

Growth in 24-well Microplates 
 

 134 

the oxygen partial pressure (Fig. 6.4) by a mono-exponential decay model (correlation 

coefficient r2 = 0.999):  

     ,
2

DeBy C

pO

+⋅=








−

      (6.2)  

where y is the phase shifts at deprotonated (Amax) and protonated (Amin) forms; and B, C and D 

are fit parameters. 
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Figure 6.4 Dependence of the parameters maxA  and minA  on the oxygen concentration at a 

modulation frequency of 45 kHz at 25 °C and 37 °C. Lines represent fits via eq. 6.2 (the 
mono-exponential decay model). 
 

The following fit parameters were thus obtained from eq. 6.2 are presented in a table: 

Table 6.1 Fit parameters for response to pH at the two working temperatures 

25 °C 37 °C  
fit parameters 

Amax Amin Amax Amin 

B 18.600 16.117 19.113 14.372 

C 25.465 22.441 16.590 15.659 

D 29.830 14.800 28.224 12.259 

 

After mathematical conversion one can obtain following equation for calculation of pH: 
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As can be seen from eq. 6.3, pH is indeed referenced to oxygen content (pO2), which, 

therefore, should be calculated first. 

  

6.3.2 Calibration Function for Oxygen 

 

By measuring the phase shift at the second modulation frequency (22.5 kHz) can be obtained 

that a calibration function for oxygen is independent on pH. The phase shifts Φ1 and Φ2 

(measured at 45 and 22.5 kHz, respectively) were used to calculate the decay time of the long-

lived indicator via eq. 6.4:  

                                                                   

 

(6.4) 

where Φ1 and Φ2 are the phase shifts at modulation frequencies f1 and f2. 

 Although overall phase shifts measured at 22.5 and 45 kHz (Fig. 6.3) depend on pH, the 

decay time calculated for the oxygen indicator (τ0 = 5.38 ± 0.02 µs at 25 °C and τ0 = 4.96 ± 

0.04 at 37 °C in the absence of oxygen) remains constant from pH 4 to pH 10 and is 

dependent on oxygen concentration only (Fig. 6.5). As predicted, the temperature increase 

from 25 °C to 37°C results in a decrease in decay time from 5.38 µs to 4.96 µs. Equation 6.2 

was used again to fit the response functions presented in Fig. 6.5 (r2 = 0.999), and the 

following fit parameters were obtained: B = 1.4923.10-6, C = 7.8895 and D = 3.4411.10-6 at 

25 °C; B = 1.5905.10-6, C = 11.0036 and D = 3.789.10-6 at 37 °C. The simple transformation 

results in the following equation for calculation of the oxygen concentration: 
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 where τ is the decay time calculated via eq. 6.4.  

,
)cot(cot2

)cot)(cotcot(cot4

2

1
2

211

2

122

1122

2

211

2

122

2

1

2

2

2

2

2

1















⋅⋅Φ−⋅⋅Φ

⋅Φ−⋅Φ⋅⋅Φ−⋅⋅Φ−−±−
=

ffff

ffffffffff

π
τ



6. Simultaneous Non-invasive Monitoring of Dissolved Oxygen and pH During Bacterial 

Growth in 24-well Microplates 
 

 136 

0 5 10 15 20
3,2

3,6

4,0

4,4

4,8

5,2

5,6

li
fe

ti
m

e,
 µµ µµ

s

pO2, kPa

25 °C

37 °C

 

Figure 6.5 Response functions of the dual sensor to oxygen at pH 4, pH 5, pH 6, pH 7, pH 8, 
pH 9 and pH 10 at 25 °C and 37 °C; 21.3 kPa corresponded to 100 % air saturation. The data 
points are the average decay times as calculated via eq. 6.4 for all the pH used. The line 
represents a fit via eq. 6.2.   
 

 

6.3.3 Bacteria Fermentation in Microbioreactors 

 

The growth kinetics of Pseudomonas putida and Escherichia coli were investigated to 

demonstrate the feasibility of microbial cultivation in the microbioreactors. DO contents and 

pH values of the solutions were calculated according to eq. 6.5 and 6.3. Each data point 

represents the average value from 24 replicate experiments carried out in separate 

microbioreactors. The relatively small error bars for the observed pH and DO values within 

the microbioreactors (Fig. 6.6b and 6.7b) demonstrate the good reproducibility of the signals 

of the dual sensor during cell growth. 

 The oxygen consumption during the fermentation in the 24-well plate was compared 

with that obtained using a conventional bioreactor (shake flask). The oxygen kinetics in the 

microbioreactors shows typical behavior. The earlier oxygen decrease in the culture in the 24-

well microplate compared to the culture in the shake flask indicates a lower oxygen transfer 

rate of the former set-up (Fig. 6.6a and Fig. 6.7a). The oxygen transfer rate depends on 

parameters as the geometry of the bioreactor26-28, the filling volume of the sample, the shaking 

frequency29 and the sealing9. However, measurement of the optical density of 1:100 dilutions 

of the bacteria solutions after cultivation showed almost no difference between the bacteria 
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cultivated in the microbioreactors and those cultivated in Erlenmeyer flasks for P. putida as 

well as for E. coli. This indicates that the rather small difference in oxygen limitation (P. 

putida: pO2 = 0 % air saturation after 5 h for the microbioreactor and after 7 h for the 

Erlenmeyer flask, see Fig. 6.6; E. coli: pO2 = 0 % air saturation after 4 h for the 

microbioreactor and after 5 h for the Erlenmeyer flask, see Fig. 6.7) has only a small 

influence on the bacterial growth. Using smaller sample volumes in the microbioreactor will 

even reduce the deviations in oxygen transfer further. 
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Figure 6.6 Fermentation of P. putida at 25 °C using standard S1 medium in a conventional 
bioreactor (shake flask) (a). Replicate fermentation of P. Putida in microbioreactors (n = 24) 
using medium S1 at 25 °C (b). 
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Figure 6.7 Fermentation of E. coli using medium S1 at 37 °C in conventional bioreactor 
(shake flask) (a); Replicate fermentation of E. coli in microbioreactors (n = 24) using medium 
S1 at 37 °C (b). 
 

P. Putida and E. coli show reproducible behavior in all microbioreactors with respect to pH 

changes. The pH increases during cultivation, which indicates a consumption of acids and is a 

typical behavior for much fermentation. For P. putida, the pH increased from 6.67 to 7.8 (Fig. 

6.6b), for E. coli it increased from 6.63 to 8.37 (Fig. 6.7b). With a control experiment using a 

standard pH meter a pH increase of the inoculum during fermentation from 6.58 to 7.7 and 

from 6.58 to 8.2 for P. putida and E. coli was obtained, respectively. This correlates very well 

with the data obtained by the dual sensor.  

Similar dependences for DO and pH during fermentation of E. coli in a single microbioreactor 

were obtained by Kostov et al.1. 

 

 

6.4 Conclusion 

 
 
In this work we described an optical sensing system for simultaneous and continuous 

measurements of the two key parameters pH and dissolved oxygen. The bioprocess was 

simultaneously realized in 24 microbioreactors using 1.5 ml working volume. The pH and DO 

kinetics during fermentation as well as the biomass after cultivation of two kinds of bacteria 
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(P. putida and E. coli) was found to be similar to that using a conventional 500 ml bioreactor 

(shake flask).  

The new technique enables precise and reliable, non-invasive multi-parameter monitoring in 

24 parallel experiments and can be used for high-throughput bioprocess optimization.        
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Chapter 7 

 

Summary 

 

This thesis describes the development and characterization of novel, pH-sensitive, optical 

sensor materials. Special attention is given to the development of dual optical chemical 

sensors for non-invasive determination of pH and dissolved oxygen (DO) in biological 

systems. A new measurement scheme is introduced to evaluate and calculate the data for these 

two parameters via dual luminophore referencing (DLR). An application example for 

simultaneous monitoring of pH and DO in bioprocessing is given and discussed. 

Chapter 1 gives an introduction to the importance of optical pH and DO sensors. 

Furthermore, the overview of existing planar dual sensor materials and dual microsensors was 

presented. Referencing methods for measurement with luminescent optical sensors were 

described.  

Chapter 2 describes the application and spectral properties of a new type of fluorescent 

pH indicators with different dynamic pH ranges. The indicators used (ACIB, ACIDA and 

ACISA) are based on the luminescent dye iminocoumarin and were covalently immobilized 

on the surface of amino-modified polymer microbeads and incorporated into a hydrogel 

matrix to obtain novel pH-sensitive materials. Due to self-referencing of the ACISA-based 

microbeads, the ACISA-containing sensor membrane can be read out via ratiometric dual 

wavelength referencing. A membrane capable of optical pH sensing over a very wide pH 

range (pH 1 – pH 11) by using a mixture of two different microbeads was also developed.  

In Chapter 3, pH-sensitive sensor membranes for the DLR scheme, based on 

carboxyfluorescein, dichlorocarboxyfluorescein and iminocoumarin are presented. The 

membranes are characterized with respect to their cross-sensitivity towards ionic strength at 

25 and 140 mM. The sensor membrane based on iminocoumarin is found to possess no cross-

sensitivity towards ionic strength at all, while for the other two a small effect is observed, 

which, however, was small compared to other pH indicators like HPTS. All three membranes 

showed an excellent photostability. The indicators immobilized on the microbeads are 

suitable for DLR measurements using polyacrylonitrile-derived nanoparticles incorporating 

Ru(dpp)3
2+ as reference standard. It was found that the variety of pH indicators in the DLR 

scheme results in pH sensors with pKa values from 4 to 8. 
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In Chapter 4, a novel modified dual lifetime referencing method (m-DLR) for 

simultaneous sensing of pH and pO2 with a single fiber-optic sensor is introduced. Three 

different dual sensor materials were investigated. The dual sensor membrane consisted of 

fluorescent indicators immobilized in different kinds of organic polymer microbeads, which 

in turn were contained in a single polyurethane-type hydrogel matrix. The phase-modulated 

light of an LED excites the luminescence of the indicators, and average decay times or phase 

shifts served as the analytical information. Data were evaluated by the m-DLR method which 

relates the phase shift (as measured at two different frequencies) to pH and to oxygen partial 

pressure. The working range of the dual sensor (pH 4 - pH 9 and 0 – 21.3 kPa pO2) meets the 

requirements for application in biological systems. 

A fiber-optic microsensor for minimal-invasive measurements is presented in Chapter 

5. The tip of the optical fiber with a diameter of ~ 140 µm was covered with a sensor 

composition based on luminescent microbeads (HPTS/p-HEMA microbeads as pH-sensing 

system and Ru(dpp)3
2+/ormosil microbeads as oxygen probe) dispersed in a hydrogel polymer 

matrix. Measurements and evaluation were performed according to the method introduced in 

chapter 4. The optimal working range of the sensor was from pH 5 to pH 10 and for pO2 0 – 

21.3 kPa. The sensor was characterized with respect to its photostability, reproducibility and 

reversibility. 

Chapter 6 describes a new approach towards simultaneous, non-invasive and 

continuous measurements of pH and DO in 24-well microbioreactors. The performance of the 

system was demonstrated by monitoring pH and DO kinetics during cultivation of 

Pseudomonas putida and Escherichia coli. The results obtained in microbioreactors were 

compared with a conventional shake flask. The technique can be used for high-throughput 

bioprocess optimization.       
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Chapter 8 

 

Zusammenfassung  

 

In der vorliegenden Arbeit wurden die Entwicklung und Charakterisierung neuer, pH-

sensitiver optischer Sensoren beschrieben. Der Schwerpunkt lag hierbei auf der Entwicklung 

von Dualsensoren für die nicht-invasive Messung von pH und Gelöstsauerstoff in 

biologischen Systemen. Ein neues Messschema zur Evaluierung und Kalkulation des pH-

Werts und des Sauerstoffpartialdrucks aus den entprechenden Daten mit Hilfe der Dual 

Lifetime Referencing (DLR)-Methode wurde vorgestellt. Ein Anwendungsbeispiel für das 

gleichzeitige Monitoring vn Sauerstoff und pH in Bioprozessen wurde gezeigt und diskutiert. 

 Kapitel 1 gibt eine Einführung in die Bedeutung von optischen pH- und 

Sauetstoffsensoren. Ausserdem wurde eine Übersicht der existierenden Materialien für 

planare und Mikro-Dualsensoren präsentiert. Abschließend wurden Referenzierungsmethoden 

für die Messung mit optischen Lumineszenzsensoren beschrieben. 

 Kapitel 2 beinhaltet die Anwendung und die spektrellen Eigenschaften eines neuen 

Typs von fluoreszierenden pH-Indikatoren für verschiedene dynamische pH-Bereiche. Die 

Indikatoren (ACIB, ACIDA und ACISA) basieren auf dem Lumineszenzfarbstoff 

Iminocoumarin, das kovalent an die Oberfläche von amino-modifizierten Polymer-

Mikropartikeln immobilisiert wurde. Der neuen, pH-sensitiven Sensormembrane erhielt man 

durch Einrühren dieser Mikropartikel in eine Hydrogel-Matrix. Aufgrund der Möglichkeit zur 

Selbstreferenzierung kann die ACISA-haltige Sensormembran mittels ratiometrischer 

Zweiwellenlängen-Referenzierung ausgelesen werden. Eine Membran für die Messung über 

einen extrem weiten pH-Bereich (pH 1 bis 11) erhält man durch Mischen zweier 

verschiedener Mikropartikel. 

 In Kapitel 3 wurden pH-sensitive Sensormembrane, die mit dem DLR-Schema 

ausgelesen werden können, vorgestellt. Diese Sensormembrane basieren auf den pH-

Indikatoren Carboxyfluorescein, Dichlorcarboxyfluorescein und Iminocoumarin. Die 

Sensormembrane wurde auf ihre Querempfindlichkeit gegenüber Ionenstärke bei 25 mM und 

140 mM untersucht. Während die Fluorescein-basierten Membrane eine, wenn auch im 

Vergleich zu anderen Indikatoren wie HPTS kleine, Querempfindlichkeit aufwiesen, ist die 

auf Iminocoumarin basierende Membran unabhängig von der Ionenstärke. Alle drei 
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Sensormembranen zeigen eine ausgezeichnete Photostabilität. Die in Mikropartikel 

immobilisierten Indikatoren waren für DLR-Messungen geeignet. Hierbei wurde Ru(dpp)3
2+, 

das in polyacryl-basierte Nanopartikel eingebettet wurde, als Referenzpartikel verwendet. Bei 

Variation des pH-Indikators entstehen so pH-Sensoren für das DLR-Schema mit pKS-Werten 

von 4 bis 8. 

 In Kapitel 4 wurde eine neue, modifizierte Dual Lifetime Referencing (m-DLR)-

Methode für die gleichzeitige Bestimmung von pH und pO2 mit einem einzigen, 

faseroptischen Sensor vorgestellt. 3 verschiedene Dualsensor-Materialien wurden untersucht. 

Die Membran für die Dualsensoren besteht aus den Fluoreszenzindikatoren, die in 

verschiedenen organischen Polymerpartikeln immobilisiert sind, welche wiederum in einer 

Polyurethan-Hydrogelmatrix eingebettet sind. Das phasenmodulierte Anregungslicht einer 

LED regt die Lumineszenz der Indikatoren an, deren mittlere Abklingzeit oder 

Phasenverschiebung als analytische Information dienen. Die Daten wurden mit Hilfe der m-

DLR-Methode evaluiert, die die bei zwei verschiedenen Frequenzen gemessenen 

Phasenverschiebungen in Beziehung zum pH-Wert bzw. Sauerstoffgehalt setzt. Der 

Messbereich der Dualsensoren (pH 4 – 9, 0 – 21,3 kPa pO2) enspricht den Anforderungen für 

Anwendungen in biologischen Systemen. 

 Ein faseroptischer Mikrosensor für minimal invasive Messungen wird in Kapitel 5 

vorgestellt. Die Spitze der optischen Faser, deren Durchmesser ca. 140 µm beträgt, wurde mit 

einem Sensorcocktail beschichtet, der aus lumineszierenden Mikropartikeln (HPTS/p-HEMA-

Mikropartikel als pH-Sensor, Ru(dpp)3
2+ / Ormosil-Mikropartikel als Sauerstoffsensor) in 

einer Hydrogelmatrix besteht. Messung und Auswertung wurden wie in Kapitel 4 beschrieben 

durchgeführt. Der optimale Messbereich dieses Sensors ist pH 5 – 10 und 0 – 21,3 kPa für 

Sauerstoff. Der Sensor wurde mit Hinblick auf Photostabilität, Reproduzierbarkeit der Signale 

und Reversibilität charakterisiert. 

 Kapitel 6 beschreibt eine neue Methode für gleichzeitige, nicht-invasive und 

kontinuierliche pH- und Sauerstoffmessung in 24-Well-Mikrobioreaktoren. Die 

Anwendbarkeit dieses Systems wurde anhand der pH- und Sauerstoffkinetiken während der 

Kultivierung von Pseudomonas putida und Escherichia coli demonstriert. Die Ergebnisse aus 

diesen Versuchen in den Mikrobioreaktoren wurden mit denen herkömmlicher Bioreaktoren 

(Schüttelkolben) verglichen. Die vorgeschlagene Technik kann für Bioprozess-Optimierungen 

mit hohem Durchsatz verwendet werden. 

 



9. Abbreviations, Acronyms and Symbols 
 

 146 

 

Chapter 9 

 

Abbreviations, Acronyms and Symbols 

 

λabs Wavelength of the absorption maximum 

λem  Wavelength of the emission maximum 

QY Quantum yields  

ε Molar absorption coefficient 

τ Luminescence lifetime or decay time 

IS Ionic strength 

nm Nanometer 

Φ Phase shift or phase angle of the modulated light  

fmod Modulation frequency 

I Luminescence intensity 

Ksv Stern-Volmer constant 

LED Light emitting diode 

pKa Negative decadic logarithm of an acidic dissociation constant 

pO2  Oxygen partial pressure 

DO Dissolved oxygen 

pH Negative decadic logarithm of a proton concentration 

t95 Response time (time required for a 95 % signal change) 

CF 5(6)-carboxyfluorescein 

DCCF 5(6)-dichlorocarboxyfluorescein 

ImC Iminocoumarin 

ACIB 4-(9-diethylamino-5H-7-oxa-4b,6,13-triaza-indeno [2,1-a] anthracen-

5-yl)-2-methoxy-6-nitro-phenol 

ACIDA 4-(9-diethylamino-5H-7-oxa-4b,6,13-triaza-indeno [2,1-a] anthracen-

5-yl)-benzene-1,3-diol 

ACISA 5-(9-diethylamino-5H-7-oxa-4b,6,13-triaza-indeno [2,1-a] anthracen-

5-yl)-benzene-1,3-diol 

HPTS 8-hydroxypyrene-1,3,6-trisulfonate trisodium salt 

D 4 polyurethane hydrogel 
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p-HEMA Amino-modified poly(hydroxyethyl methacrylate) 

AMC Aminocellulose 

AA-Q-N2 Modified poly(acrylamide) 

P Gas permeability  

PAN Poly(acrylonitrile) 

PSAN poly(styrene-co-acrylonitrile) 

PtBuS Poly(tretbutylstyrole) 

ormosil organically-modified sol-gel beads  

EDC N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride 

DCC Dicyclohexylcarbodiimide 

NHS N-hydroxysuccinimide 

Ru(dpp)3
2+ tris-4,7-diphenyl-1,10-phenanthroline 

PdTFPP (5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl)-21,23H-porphyrin-

Pd-(II)) 

TMS 3-(trimethylsilyl)-1-propanesulfonate 

DLR (frequency domain) Dual lifetime referencing 

m-DLR Modified dual lifetime referencing 

MS Mass spectroscopy 

NMR Magnetic nuclear resonance 

P. putida Pseudomonas putida 

E. coli Escherichia coli 
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