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1. Introduction 

1.1. Overview 

This thesis deals with the improvement of optical planar sensors and their application 

in marine biological environments. Chapter one gives the scientific background of this 

thesis demonstrating also the reason for the scientific interest in the presented 

measuring principle as well as the experiment results. Chapter two summarizes the 

first results of two-dimensional optical oxygen measurements at benthic interfaces. 

Chapter three provides a detailed analysis of the properties of sol-gel based planar 

oxygen optodes with respect to application in marine sediments. A first set of test 

results gained by 2D oxygen measurements around worm burrows is presented. 

Chapter four describes in detail the applied measuring principle with respect to the 

technical and mathematical aspects. Chapter five presents the results of the study 

the behavior of Hediste diversicolor and the oxygen dynamics around its natural and 

artificial burrows with planar optodes. A summary of the thesis results is given in 

chapter six. Finally, chapter seven contains the list of publications.  

 

 

 

 

1.2. The role of oxygen in the degradation process of organic 

matter 

Oxygen is the most important element of the world and mandatory for the existence 

of higher life forms. The global oxygen cycle is backed by photosynthesis and 

aerobic organic carbon degradation which is a strong indication of the biological 

activity of an environment. Coastal marine sediments are a main location for the 

global oxygen cycling (Jørgensen 1983). From measuring the total benthic oxygen 
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uptake it is possible to estimate the carbon mineralization (Canfield et al. 1993). For 

typical benthic systems the ratio between measured O2 exchange rates and CO2 

exchange ranges from 1.0 to 1.3 (Hammond et al 1996, Roden and Wetzel 1996). 

Marine sediments represent a reducing environment covered with a thin oxic layer, 

only. The thickness of the oxic layer varies from millimeter in coastal areas to 

centimeter and decimeter in deeper oceanic areas (Reimers et al. 1986, Glud et al. 

1994). Oxygen penetration depth in the sediment is controlled by O2 uptake from the 

water column and O2 consumption in the sediment. Molecular diffusion, advection, 

and bioirrigation dominate the supply of O2 uptake of the sediment-water interface. In 

none permeable sediments the diffusive O2 uptake is controlled by the development 

of a diffusive boundary layer at the sediment surface (Jørgensen and Revsbech 

1985). Oxygen consumption is the result of microbial oxidation of organic matter and 

reduced inorganic metabolites (Jørgensen 1983). In phototrophic sediments re-

oxidation of e.g. H2S can account for up to 50% of the O2 consumption and occurs 

direct (chemical reaction) or indirect via bacteria (e.g. Beggiatoa ssp., Jørgensen and 

Revsbech 1983) or via intermediates (e.g. pyrite, Howarth 1984). In macrofauna 

predominated sediments fauna respiration and faunal-mediated O2 uptake dominated 

the O2 consumption (Kristensen 1988. Banta et al. 1995, Glud and Wenzhöfer 2004).  

 

 

1.2.1. Organic matter degradation  

The degradation of organic matter can be divided into aerobic and anaerobic 

processes. In the upper layer of the sediment (oxic zone) O2 is available and aerobic 

mineralization of the organic matter takes place whereas in deeper sediment zones 

anaerobic processes occur. Oxygen is the most favored electron acceptor for 

microbial respiration (Fenchel et al.1998) and thus its availability has a strong 
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implication on the degradation rates of organic matter (Kristensen et el. 1995, 

Fenchel 1996). As far as high oxygen concentrations result in high degradation rates. 

Only aerobic bacteria are capable of a complete degradation of organic carbon to 

H2O and CO2 according to the following equation: 

(CH2O)x(NH3)y(H3PO4)z + xO2 → xCO2 + yNH3 + zH3PO4 + xH2O 

The degradation rates decrease in with sediment depth (Canfield 1994) which has 

two main reasons. First, anoxic areas provide less efficient electron acceptors 

compared to oxygen. And anaerobic degradation becomes a stepwise process using 

a sequence of electron acceptors: Mn4+, NO3-, Fe3+, SO4
2-, and CO2. The “quality” of 

the electron acceptors decreases in the given sequence (Figure 1-1) and the reaction 

process is more difficult and results in less energy output for the organisms. Several 

groups of bacteria are involved in anaerobic mineralization because no group seem 

to be able to perform the complete degradation process.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1. Redox cascade with the main electron acceptors relevant for the 
degradation of organic matter in sediments. 
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Second, the type of organic matter with respect to its degradability (e.g. lignin is more 

difficult to degrade) provide low degradation rates. 

 

 

1.2.2. Impact of environmental conditions  

Environmental conditions like temperature, light, and water current dominate to a 

large extent the rates of aerobic degradation of organic carbon. Additional, the 

diffusive boundary layer may limit the availability of oxygen at the benthic interface 

and thus may alter the aerobic degradation process. However, the DBL is also 

affected by water current and temperature. How this factors affect the mineralization 

processes at the oxic / anoxic boundary in marine sediments briefly summarized 

below: 

• Temperature is a core factor controlling rates of chemical and biological 

processes. The temperature dependence can be quantified via the activation 

energy, according to the Arrhenius Equation, or via the quotient of rate increase 

following a 10° increase in temperature. Several studies on marine sediments 

revealed a high temperature dependency in O2 consumption (e.g. Banta et al. 

1995, Thamdrup et al. 1998) which is mainly due to acceleration of microbial 

processes. Chemical processes instead show only minor impacts. Molecular 

diffusion increases about 30–40% at an 10°C increase of temperature (between 

0 and 30°C), whereas the O2 solubility decreases about 17–23%. Experiments 

showed that oxygen penetration depth and concentration is lower during warm 

periods than cold, whereas the gradient driving the diffusive uptake at the 

sediment-water interface is steeper during warm periods (Rasmusen and 

Jørgensen 1992, Kristensen 2000) (Figure 1-2).  
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• The quality of organic matter the main factor determining the O2 consumption in 

the sediment exceeding the availability and concentration of organic matter. TOC 

can be separated in degradable organic compounds with varying reactivity and in 

almost non-metabolizable organic compounds. A direct correlation between TOC 

and O2 penetration depth was not found, because the relation between the 

different types of organic matter is unpredictable and consequently the amount of 

oxygen required for the degradation process (Kristensen and Hansen 1995).  

 

 

 

 

 

 

 

 

Figure 1-2. Oxygen profiles in a sandy coastal sediment (1m water depth) measured 
in daylight (L) and in darkness (D) during winter (February) and summer 
(July) (Kristensen 2000). 

 

 

• Light is relevant in shallow areas, where sufficient light is available for 

photosynthetic activity of benthic primary producers. These sediments are often 

inhabited by microalgae or cyanobacterial mats. The resulting photosynthetic 

layer might have more impact on shallow sediments because of the chemical 

microenvironment they create than because of their primary production. This 

microenvironment at the sediment surface holds extreme physicochemical 

conditions (O2 and pH) which may vary in seasonal and diurnal cycles (Revsbech 
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et al. 1983). Although the light penetration is not very deep (Kühl and Jørgensen 

1994, Kristensen 2000) the O2 concentration in the sediment can rise several fold 

to the normal water saturation, whereas during night the O2 concentration can 

decreases to zero (Figure 1-2). As a consequence the penetration depth of 

oxygen can vary in a centimeter range and special adaptation is required for 

microorganisms living at or in the photic zone of the sediment.  

 

• Water current above cohesive sediments determines the thickness of the diffusive 

boundary layer (DBL). The DBL acts as barrier for solute transport which is 

mediated by molecular diffusion. Thus the O2 availability can be limited by the 

mass transport across the typically 0.5-1.0 mm thick DBL (Boudreau and Scott 

1978, Thibodeaux at el. 1980, Santschi 1983). A higher flow velocity results in a 

reduced DBL thickness and consequently in an increased O2 penetration depth 

(Jørgensen and Revsbech 1985). Changes in flow regime and temperature and 

consequently in the DBL on tidal, diurnal, and seasonal level make it difficult to 

extrapolate experimental data. Nevertheless, simulations revealed that on 

average over a year the diffusive oxygen uptake is not significantly influenced by 

the variability of the DBL. However, short term effects (eg. Storms, high 

sedimentation rates after bloom) may have a great impact on the O2 uptake rate 

(Glud et al 2007). Another actor in the sizing of the DBL is the surface structure 

(roughness) of the sediment where an increasing particle size increases the 

thickness of the DBL. In permeable sediments advective pore water flow 

dominates the diffusive solute transport, induced by small-scale pressure 

gradients generated by water flowing around biogenic structures (e.g. burrow 

chimneys, fecal pallets) (Huettel and Gust 1992). 
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• Bioturbation has a major impact on marine sediments covered with oxic water 

conditions. The importance of fauna related O2 uptake is highest in coastal 

sediments where very active irrigating species live and the oxic zone is small and 

thus the impact of irrigation high (Pfannkuche 2005). The faunal mediated oxygen 

uptake is the sum of faunal respiration and oxygen depletion due to expose of O2 

to anoxic sediment. With their high abundance sediment dwelling polychaetes 

play a quantitative role in the faunal meditated O2 uptake. They enhance the 

sediment water interface significantly and thus create additional oxidized 

sediment in normally anoxic areas (Fenchel 1996, Kristensen 2000, Wenzhöfer 

and Glud 2004). To quantify the effect is a difficult task as 3-dimensional insight in 

the sediment is required. 

 

 

1.2.3. Bioturbated Sediments 

The idealized stratification of the sediment is disturbed by bottom-dwelling animals 

(e.g. polychaetes, crustaceans, bivalves), creating microenvironments in the range of 

millimeter to meter deep into the sediment (Figure 1-3). One advantage of a burrow 

is less predating pressure. In addition it is relative easy to establish a water 

circulation within a cylindrical burrow. The produced velocity allows burrowers to live 

at high oxygen levels in environments with otherwise low oxygen concentration. 

Some animals use these burrows also for gathering suspended food particles. 

However, even more animals are deposit feeders, feeding on the deposited particles 

thereby altering the sediment texture. Thus, different species create various amounts 

of sediment disturbance. The main impacts of macro benthos on the sediment can be 

summarized as the following: 
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Figure 1-3. Schematic drawing of a bioturbated shallow coastal sediment. The light 
part of the sediment is oxidized and the dark part reduced sediment 
(Kristensen 2000).  

 

 

• Material is trans located continuously between chemical reaction zones during 

feeding, burrowing, and the construction of tubes. 

• Ventilation activities of the tube inhabitants create new oxic surfaces in deeper, 

normally anoxic sediment regions.  

• New reactive organic mater also in the form of metabolic products, such as 

mucous secretions and dead organisms, are introduced into the sediment. 

• The created biological niches inhabit conditions that promote activity of some 

species and at the same time exclude other species depending on the former 

conditions. This can result is an “unusual” composition of the biological 

community.  

The implication on the O2 exchange rates in the sediment depends on many 

factors. First, on the animal abundance, size of the individuals (millimeter to 

centimeter), and on the functional group of the species, e.g. feeding type, life habit, 

and mobility. Second, on the burrow structure varying in size, appearance, and 

2 cm
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composition according to the inhabiting species. Finally, the effect depends on the 

wall lining, consisting of secretions mixed with sand or shell debris (Kristensen et al. 

1991). The lining is highly enriched with organic matter compared to the surrounding 

sediment. However, degradability depends on the kind of secretion typical for the 

species. The solute permeability of the lining has also a strong impact on the 

chemical surrounding of the burrow (e.g. diffusivity of O2: 10–40% of the free solution 

(Aller 1983), and as well as ventilation activities. The ventilation of burrows results on 

one side in a regular renewal of O2-rich water and in a supply with electron acceptors 

normally not available at that sediment depth. On the other side, metabolites such as 

H2S and Ammonia are removed (Kristensen 1988, Aller and Aller 1998).  

Studies on polychaete ventilation patterns (Kristensen 1989, Riisgård 1991, 

Forster and Graf 1995) reported an intermittent pumping activity, interrupted by more 

or less rhythmical periods of rest. Pumping rates are strongly dependent on species 

and create unpredictable O2 conditions for organisms living in the burrow 

environment. During periods of rest oxygen decreases fast by radial diffusion form 

the burrow into the sediment and due to degradation of the organic matter enriched 

along the burrow walls. Due to the difficulty of investigating this high spatial and 

temporal dynamics a radial distribution model has been developed (Fenchel 1996, 

Aller and Aller 1998). Assuming similar oxygen conditions and diffusive O2 uptake 

rates at the primary sediment surface and in the burrow, the thickness of the oxic 

zone around burrow (LB) walls resulted in smaller values than for the sediment 

surface (LS), but the difference decreases with increasing burrow radius and 

increases with increasing LS (Fenchel 1996). But detailed O2 studies revealed that 

burrow walls may evolve to areas of intensified O2 uptake with significantly higher O2 

uptake than at the primary interface (Wenzhöfer and Glud 2004, Jørgensen et al. 

2005, König et al. Chapter 4 of this thesis).  
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Extrapolation from in-situ and laboratory experiments estimated for coastal 

sediments that the faunal-mediated oxygen uptake and the faunal respiration account 

for more than 50% of the total oxygen demand and that the faunal-mediated oxygen 

uptake exceeds the  respiration (Forster and Graf 1995, Hansen et al. 1998, Hansen 

and Kristensen 1997, Glud et al. 2003, Vopel 2003).  

To elaborate detailed mass-balances for burrow systems additional information on 

the geometry and increase of the sediment-water area is required. Once this data 

and the local volumetric O2 uptake rates available one can estimate the oxidized 

volume around the burrow and the corresponding total O2 uptake of the burrow (e.g. 

Aller 1982, 2001, Furukawa et al. 2001).  

 

 

 

 

1.3. Hediste diversicolor, a brief summary  

Among the various species H. diversicolor was chosen for this thesis as 

representative example for a burrow dwelling polychaete in marine shallow 

sediments. Hediste spp. (Figure 1-4) are typically used in laboratories because of 

their comparative high stress resistance and ease of availability.  

The high abundant H. diversicolor is found in coastal areas with rough to fine sand as 

well as in muddy and fouling sediments. In the North Sea it lives in detritus rich areas 

and soft bottoms with H2S production. The polychaete is mainly insensible versus 

temperature changes and lack of oxygen or present of H2S, respectively. The salinity 

tolerance ranges from a minimum of 4 ‰ up to hypersaline water of 134 ‰ 

(Hartmann-Schröder 1996), however, for short time periods, only. It growths to a 
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length of up to 20 cm with a thick, cylindrical body. The color may range from 

yellowish to green, orange or red-brown with two dark length strips.  

 

 

 

Figure 1-4. Example of a typical Hediste species 
 

 

The polychaete digs mainly U-shaped, vertical burrows extending 2-8 cm into the 

sediment. However, much more complex systems have been documented (Rhoads 

and Germano 1982, Nilsson and Rosenberg 2000). The burrows reach a diameter of 

2–7 mm depending on individual size with stable walls covered with a mucous 

secretion. It has been reported that the burrow surface area exceeds the sediment 

surface area by a factor of 1.3–5 (Hylleberg and Henriksen 1980, Kristensen 1984, 

Davey 1994, Fenchel 1996) mainly depending on the population density and size of 

the polychaete. The average population densitiy is 600 specimens m-2 in temperate 

coastal and estuarine sediments (Miron & Kristensen 1993, Riisgaard et al. 1996). 

Seasonal variations have been observed with high population densities of juvenile 

spp. in spring and lower densities of adult spp. in autum (Rysgaard et al. 1995, 

Wenzhöfer & Glud 2004). 
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H. diversicolor obtains nourishment by swallowing the uppermost layer with its 

content of detritus and microbenthic algae or use their jaws as predator (Goerke 

1971). The ability of facultative filter-feeding enables H. diversicolor to live on a diet 

of phytoplankton. If the concentration of phytoplankton is high enough the polychaete 

shifts from predatory / surface deposit feeding to suspension feeding. A funnel-

shaped mucous net collects particles which are pumped through the net by 

vigorously undulating body movements. After a period of pumping the polychaete 

swallows the net-bag with the entrapped particles (Riisgård 1994).  

 

 

 

 

1.4. Oxygen optodes  

1.4.1. Background 

The established and widely used oxygen microsensor is a Clarke-type electrode with 

internal reference (Ag / AgCl) and an O2 permeable silicone membrane at the sensor 

tip (Figure 1-5A). The electrode reactions are as follows: 

Cathode: O2 + 2 H2O + 4e-  4 OH-   

Anode:  4 Ag + 4Cl-  4 AgCl + 4 e-  

The oxygen diffusion through the silicone membrane forces the reduction of the 

cathode and implies a current proportional to the O2 concentration. Microelectrodes 

are characterized by perfectly linear calibration curves, response times around 0.1 s 

for very thin sensor tips, and low stirring sensitivity. The first microsensor (Figure 

1-5B) optimized for application in marine biology was introduced by Revsbech in 

1980. Microsensors are applied, for example, for fine-scale measurements of O2 

profiles in marine ecosystems (e.g. Revsbech 1989, and Revsbech et al. 1989, Kühl 
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and Revsbech 1999) and studies on photosynthesis and respiration. However, 

microelectrodes have some disadvantages: 

• expensive and time consuming preparation  

• insufficient long-term stability 

• very fragile 

• affected by electromagnetic fields 

• pressure sensitive  

• oxygen consumption during measurements 

• limited to a one-dimensional approach 

Some of these problems were overcome by applying an optochemical measuring 

principle (Wolfbeiss 1991): where an analyte interacts with an indicator resulting in a 

change of the optical properties (e.g. intensity, polarization, spectral distribution). The 

indicators are often immobilized in analyte permeable matrices, insoluble for water.  

Several O2-quenchable luminophores are reported in literature e.g. ruthenium-

complexes, platin- and palladium-porphyrines (Wolfbeiss 1991, Papkovsky et al. 

1991, Wilson et al. 1993, Klimant et al. 1995, 1997, Gouterman 1997). They can be 

excited with light in the range of 435 to 570 nm and emit red light (630-770 nm) 

showing an O2 dependent change of luminescent intensity or lifetime (theory 

explained below). The first O2 micro-optode (Figure 1-2B) for application in marine 

biology was introduced by Klimant et al. (1995, 1997). The luminescent dye is 

immobilized in polystyrene or organically modified sol-gel and is applied to the sensor 

tip by dip-coating. The excitation and emission light is guided through optical fibers 

and the sensor itself. Optodes are not influenced by electromagnetic fields, do not 

consume oxygen, and show a sufficient long-term stability. However, they still 

represent an one-dimensional approach. Describing two- and three-dimensional O2 
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dynamics in heterogeneous environments (e.g. bioturbated sediments) remains a 

difficult and time consuming task.  

Medicine was among the first disciplines to use optodes (Lübbers er al. 1975, 

Wilson et al. 1993). Some years later planar optodes were introduced as new and 

powerful tool to marine biology (e.g. Glud et al. 1996, 1998). Working on a similar 

measuring principle as micro-optodes, planar optodes overcome some of the 

problems of the micro-sensors as they allow two-dimensional studies and provide 

better results for temporal and fine-scale heterogeneity e.g. in sediments, biofilms, 

microbial mats, and plant roots (Glud et al. 1999, 2005, Wenzhöfer and Glud 2004, 

Frederiksen and Glud 2006, Oguri 2006, Precht et al. 2004, Franke et al. 2006).  

To apply planar optode (PO) one has to be aware that the PO is an impermeable 

wall disturbing the natural 3-dimensional geometry. Especially in cases of radial 

oxygen diffusion limits the PO barrier the possible volume of oxidation (Figure 1-6). A 

model has been presented to quantify this effect, but it requires the knowledge of the 

burrow geometry and its relative location to the PO (Polerecky et al. 2006).  

 

 

 

Figure 1-5. Design of the sensor tips of (A) an oxygen microelectrode (Kühl and 
Revsbech 1999) and (B) an O2 microoptode (Klimant et al. 1995). 
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Figure 1-6. Distortion of the radial diffusion by the planar optode wall 
 

 

Further the flow regime is affected by the presence of the PO reducing the flow in 

the corner of PO and sediment surface. Consequently the DBL is “creeping” up along 

the PO wall (Glud et al. 1996). Calculating the diffusive oxygen uptake at the 

sediment surface form planar optode images should rather be done by the oxygen 

gradient into the sediment (Bouldin 1968).  

Another aspect in applying the PO technique is given by the light guidance effect 

also referred to as cross-talk effect (Franke, 2005). This effect causes the observed 

oxygen gradients to appear smaller than they are in reality. Furthermore, the 

absolute oxygen values in oxic regions can be (significantly) underestimated, 

particularly if these regions are close to anoxic areas. The light guidance probably 

results in an underestimation of the oxygen concentrations inside the burrows. 

According to Franke (2005) the effect of the spatial cross-talk effect is due to the 

different refraction indices of the aquarium wall, silicon glue, and support layer of the 

optode. The effect is minimized with increased wall thickness of the aquarium. 
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Sometimes species are attracted or disturbed by the presence of a wall so one 

has to check if the species behave naturally under experiment conditions. Altogether 

the constraints of the planar optode technique can be solved by a carefully and well 

customized experiment set-up. Combining PO measurements with micro-sensor 

measurement will provide the best insight on the dynamics of benthic systems.  

 

 

1.4.2. Luminescence quenching 

The absorption of electromagnetic radiation with a wavelength in the UV/VIS range 

rises a molecule to a higher energetic state. Once the activation stops there are 

several possible processes back to the energetic ground state of the molecule. The 

overall name for events including the emission of radiation is luminescence, which 

can be separated in fluorescence and phosphorescence. Additionally, several 

processes without emission of radiation occur (relaxation oscillations). Luminescence 

is mainly observed on aromatic and heterocyclic molecules, especially on condensed 

cycles. These molecules are known as fluorophores.  

Fluorescence occurs during transition from the lowest level of the first excited 

(singlet-) state S1 to ground (singlet-) state S0 (Figure 1-7). The average lifetime of 

fluorescence is in the range of 10-9 – 10-6 s whereas phosphorescence lasts for 10-3 – 

1 s or even longer. The prolonged lifetime of phosphorescence is due to the 

forbidden quantum mechanic transition (Pauli-Principle) from singlet to triplet state 

(intersystem crossing). The first step occurs radiation free followed by the radial 

transition (phosphorescence) to the ground state. 

The lifetime of a fluorescent molecule can be significantly decreased in the 

presence of a quencher, reducing the fluorescence quantum yield of the fluorophore.  
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Figure 1-7. Energetic states of a luminophore (♦) drawn in a Jablonski-Diagram. 
Processes for absorption and deactivation of the excite molecule are 
sketched. Emission transitions are marked with → and radiation free 
relaxation oscillations are marked with ~>. 

 
 

A: dynamic or collisional quenching

h * ν
with quencher

h * ν + h * ν‘
without quencher

B: static quenching

h * ν

+ + energy

+ energy
 

Figure 1-8. A: Scheme of dynamic quenching of a fluorophore (♦) without and with 
quencher (•). B: Scheme of static quenching of a fluorophore by complex 
formation.  
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S1

phosphorescence
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This process does not affect the absorption of the molecule but the energy of the 

activation state is passed radiation free to the quencher molecule (Figure 1-8). The 

quenching process is separated in two types: 

1. Dynamic fluorescence quenching due to collisional processes. 

2. Static fluorescence quenching due to complex formation. 

The main difference between the two processes is the lifetime of the formed 

complex in the intermediate step. During the dynamic quenching process the lifetime 

of the complex is significantly shorter than the lifetime τ0 of the excited fluorophore. In 

contrary to the static quenching process where the complex lifetime is much longer. 

Oxygen is one of the most famous fluorescence quenchers. The lifetime of the 

fluorescence (also referred to as decay time of the fluorescence) and with that the 

fluorescence intensity is decreased in presence of oxygen. The relation between 

oxygen concentration (cO2) and fluorescence intensity (I) respectively lifetime (τ) is 

described by the Stern-Volmer-Equation:     

   2
00 *1 cOK

I
I

SV−==
τ
τ       (1) 

where I0 and τ0 represent the fluorescence intensity and lifetime at zero oxygen. The 

quenching efficiency is quantified by KSV, the bimolecular quenching coefficient 

(Stern Volmer constant). This equation is valid for ideal systems, only where all 

molecules follow the same reaction. Having a close look on the calibration curves of 

many optodes one finds a nonlinear shape when plotting I/I0 versus cO2. These 

nonlinear curves of oxygen optodes are better described by a two-component model 

of the Stern-Volmer-Equation (Bacon and Demas 1987, Klimant et al. 1995): 
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where a is the fraction of quenchable fluorophore and KSV is the bimolecular Stern-

Volmer constant. Fraction a is an optode type specific value which has to be 



1. Introduction  23 
 
 
determined experimentally. It can then be applied for all optodes prepared in a similar 

way. Finally, in Eq. 2 there are only two parameters left that have to be determined 

by a simple two-point calibration.  

 

 

 

 

1.5. Outline of this thesis 

The theme of this work can be separated into two aspects: 

1. the improvement and detailed characterization of planar oxygen optodes and 

optimization of the measuring technique 

2. the application of the planar oxygen optodes in a marine biological 

environment to study the behavior and associated benthic O2 dynamics in 

burrow systems of Hediste diversicolor  

In the frame of the first aspect special emphasis was drawn on the properties of the 

sensor matrix. The preparation of a modified sol-gel allowed tailoring of the matrix 

properties like oxygen solubility, stability, homogeneous distribution and good 

adhesion on the support foil. Several series of sol-gels were prepared and tested with 

respect to the mentioned parameters. 

In a first approach planar O2 optodes were applied using an intensity based 

measuring system. A preliminary study on a shallow marine sediment covered with a 

microbial mat gave an indication of the potential of the new optode. The high O2 

dynamic in the sediment was investigated under a natural light regime. 

Parallel improvements on the measuring technique and the planar optode finally 

lead to a lifetime based imaging system which was applied in a marine sediment 

inhabited by H. diversicolor. The temporal and spatial O2 dynamics were studied 
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around the polychaete burrow and at the sediment surface in natural and artificial 

burrow systems. Measurements with planar optodes were complemented by 

measurements with a flow sensor to investigate the behavior of H. diversicolor under 

experimental conditions. O2 micsosensors were applied for incubation 

measurements. Based on theses data a total O2 consumption budget was calculated 

for H. diversicolor and its burrow system.  
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Abstract 

Recently, new experimental techniques to map two-dimensional oxygen distributions 

in benthic communities have been developed. The oxygen distributions are 

visualized by the use of planar sensor foils with an oxygen sensitive fluorophore 

layer, containing a photostable ruthenium complex, that is reversibly quenched by 

oxygen. Recording the fluorescence intensity from the sensor foil by a light sensitive 

digital camera system allows the two-dimensional oxygen distribution to be quantified 

over an area of several cm+2 at a spatial resolution better than 50 µm. Larger areas 

can be covered by changing the optics of the system, however, the spatial resolution 

decreases. Since the first more primitive approaches, more sophisticated systems 

have been developed, in which both fluorescence intensity and fluorescence lifetime 

imaging is possible in one as well as two dimensions (planar optodes). We have 

applied planar optodes for mapping the oxygen dynamics in benthic systems 

exhibiting various degrees of heterogeneity (e.g. biofilms, microbial mats, and 

sediments with and without significant faunal activity). In the following, the technical 

developments of sensors, camera systems and applications of the imaging 

techniques are reviewed here. 
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2.1. Introduction 

The benthic sediment-water interface is an important and active horizon of the 

marine environment. Intense production and degradation of organic matter takes 

place within a narrow zone leading to a dynamic exchange of solutes between the 

benthic community and the overlying water as well as with the sediment below this 

dynamic layer. However, the interface is not a flat horizon but is typically 

characterized by an extensive heterogeneity, both at micro (Jørgensen and Des 

Marais 1990) and macro scales (Aller et al. 1998; Glud et al. 1998a). For example, 

the heterogeneity is related to variability in settling rates of organic carbon, 

temperature, microbial and macrofaunal activity. In order to study the millimeter-to-

centimeter-thick oxic zone of benthic communities, measuring techniques with a high 

spatial and temporal resolution are required. Oxygen microelectrodes were 

introduced to aquatic biology by Revsbech et al. 1980, and they for the first time 

enabled detailed studies at a sub-mm resolution of surface sediments.  

Recently, a new optical microsensor (microoptode) was introduced to marine 

ecology (Klimant et al. 1995). Compared to microelectrodes, microoptodes have the 

main advantages of cheap and easy construction, and superior long-term stability. 

They now represent a realistic alternative to microelectrodes even on in-situ 

measuring platforms (Glud et al. in press a). The measuring principle of O2 

microoptodes is based on dynamic fluorescence quenching by oxygen. The 

fluorescence dye tris (4,7-diphenyl-1,10-phenantrolin)-ruthenium(II) perchlorate (Ru-

DPP) is immobilized in a polymer matrix and coated on a thin fiber optic tip. However, 

even though both microelectrode and microoptode techniques offer high spatial and 

temporal resolutions, microprofiles only represent a one-dimensional approach, 

measuring oxygen concentration at a single point in a three-dimensional 

heterogeneous sample. The difficult task of describing or overcoming heterogeneity 
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of benthic communities has been performed by multiprofiling (Jørgensen and Des 

Marais 1990) or the use of sensor arrays (Holst et al. 1997). Often, this is time 

consuming, requires large and sophisticated set-ups, complicates many in-situ 

applications, and is in many instances almost impossible. For this reason, and to 

obtain solute distributions in two dimensions, oxygen planar optodes have been 

developed.  

The technique of the oxygen planar sensor is based on the same principle as for 

oxygen microoptodes. However, instead of fixing the sensor matrix, incorporating the 

luminescence dye, on an optical fiber tip, the sensor matrix is immobilized on 

transparent support foils (Glud et al. 1996). The foils can, in combination with CCD 

cameras and imaging techniques, resolve O2 gradients in two dimensions. Here, we 

present a brief review of planar optodes, and their applications to marine science, as 

well as results from the first measurements obtained by a newly developed camera 

measuring system that enables both luminescence intensity and luminescence life-

time (rate of luminescence decay) based measurements. 

 

 

 

 

2.2. Theory 

Both the new and the old imaging systems for high resolution O2 distributions in one 

and two dimensions, discussed below are based on the commonly known effect of 

dynamic quenching of luminescent indicators by oxygen (Stern and Volmer 1919; 

Kautsky 1939). Oxygen molecules diffuse into a sensor matrix where they react 

reversibly with a fluorescent dye (Ru-DPP) described as dynamic fluorescence 

quenching. The effect of this reaction is a measurable decrease in fluorescence 
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intensity with rising oxygen concentrations. The CCD camera monitors the emitted 

fluorescence intensity signal. According to the timing scheme (Figure 2-1) and the 

imaging processing, the resulting image either corresponds to the fluorescence 

intensity or the fluorescence lifetime (rate of fluorescence decay) (Holst et al. 1998). 

Lifetime imaging is based on the fact that the oxygen concentration is related to the 

rate of the fluorescence decay. The relation between oxygen concentration (c) and 

the fluorescence intensity (I) and the time decay rate (τ), respectively is given by the 

modified Stern-Volmer equation (Bacon and Demas 1987) 

⎥
⎦
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where,  c = oxygen concentration, 

I = the luminescence intensity, I0 in absence of O2 , 

τ = the time decay rate, τ0 in absence of O2,  

KSV =  the coefficient expressing the quenching efficiency of the fluorophore, 

a =  the non-quenchable fraction of the luminescence. 

The parameter (a) is related to the type of matrix used and has to be determined 

before sensor application. To evaluate oxygen concentrations from fluorescence the 

value of KSV has to be determined first, via a simple two-point calibration (Glud et al. 

1996). 
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Figure 2-1. Principle for image acquisition of fluorescence life time imaging. The 
timing (range of ms to µs) starts with excitation light ON and the camera 
shutter closed. The excitation light is then switched OFF and the camera 
shutter is opened with a possible delay. 

 

 

 

 

2.3. Applications with the old planar optode system 

2.3.1 Materials and Methods 

The imaging system described by Glud et. al (1996) for oxygen measurements was 

based on intensity measurements. As an oxygen quenchable fluorophore, the dye 

tris (4,7-diphenyl-1,10-phenantrolin)-ruthenium(II) perchlorate (Ru-DPP) was applied 

(Bacon and Demas 1987; Klimant and Wolfbeis 1995; Hartmann and Ziegler 1996). 

The fluorescence dye was dissolved together with scattering particles in plasticized 

PVC (Preininger et. al 1994). This solution was spread on a 175-µm thick polyester 
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foil (© Mylar, Du Pont, Germany). The thickness of the sensing layer was 

approximately 10 µm, and was covered by a second black silicon layer (20 µm) for 

optical insulation. This was necessary in order to avoid scattering effects of the 

biological sample and a potential stimulation of photosynthesis. Silicon was used 

because it is highly permeable to oxygen. 

The planar optode was glued to the inside of a small Plexiglas frame (Figure 2-2). 

To excite the fluorophore, light from a halogen lamp filtered with a blue glass filter 

(450 nm) was used. After passing through an emission filter, the emitted 

fluorescence light was collected by a CCD camera. Camera timing and data 

acquisition were controlled via a Macintosh Computer. A spatial resolution of 

approximately 26 µm was achieved with the system. The initial calibration 

measurements were performed using sea water flushed with defined gas mixtures of 

oxygen and nitrogen.  

Correlation between averaged fluorescence intensity and O2 saturation of the 

water is shown in Figure 2-3A. The intensity decline with rising oxygen saturation 

resulted in a hyperbolic curve, which could be described by the modified Stern- 

Volmer equation. The standard deviation of the fluorescence intensity varied between 

5 and 8% of the average signal of all pixels. This signal to noise ratio is mainly 

influenced by heterogeneity in the sensor layer, due to uneven distribution of the 

fluorophore, agglutination of scattering  
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Figure 2-2. Schematic illustration of the experimental set-up (Glud et al, 1996). An 
enlargement of the three-layered planar optode is shown in the upper left 
corner: supporter foil (3), sensing layer (2), optical insulation (1). 

 

 

 
Figure 2-3. (A) Average fluorescence intensity as a function of O2 saturation in water; 

standard deviation shown as error bars. (B) Three original images 
obtained at different O2 saturation. The darker line is caused due to 
sensor heterogeneity. (C) Three examples of pixel by pixel calculated 
images at different O2 saturation expressed on an linear gray scale from 
0 to 255. (D) The average O2 concentration measured by the planar 
optode as a function of the actual O2 concentration. 
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particles, and an uneven field of excitation light. A further source of measured 

heterogeneities could be caused by an unevenly distributed clear silicon used to glue 

the optode to the aquarium wall (Figure 2-3B). Every pixel of the image can be 

treated as a single one-dimensional optical sensor. As a consequence pixel by pixel 

calibration was performed to reduce the influence of the aspects mentioned above. 

The result of a pixel to pixel calibration is demonstrated by Figure 2-3C and 3D. 

 

 

2.3.2 Application to Marine Sediments  

The first planar optode measurements in aquatic sediments were performed in an 

intertidal sediment (Glud et al. 1996). The overlying water was flushed with 12 and 

24% oxygen saturated water, and after equilibration was established, a series of 

images were taken (Figure 2-4). To determine the position of the sediment surface, 

sodium dithionite grains were deposited on the sediment surface. Due to reduction of 

any O2 in their immediate vicinity, the grains appeared as single blue dots on the 

image. The sediment-water interface was estimated by the dots on subsequent 

images (thick black line in the images of Figure 2-4A and 4B). Oxygen penetration 

varied between 0.54 and 2.62 mm at 12% O2 saturation, and between 1.8 and 3.5 

mm at 24% O2 saturation. 

 

 

2.3.3 Measurements on a Biofilm 

As an example of a complex benthic community a biofilm developing from an 

inoculated waste water treatment plant was examined. Planar optodes were fixed in 

a flume and as biofilms gradually developed, the two-dimensional O2 distribution at 

the base of the biofilms was investigated (Glud et al. 1998b). The O2 distribution of a  
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Figure 2-4. Calibrated images of the O2 distribution at the sediment-water interface 
with 12% (A) and 24% (B) O2 saturation in the overlying water. The 
images represent an area of 17.0 x 10.2 mm. The surface is denoted with 
a fat, black line. The O2 concentration is expressed on a linear color scale 
with 256 colors. 

 

 

 
Figure 2-5. Oxygen images at the base of a 13 days old biofilm (growing on the 

bottom of a flow chamber) at flow velocities of 10.9 cm s-1 (A), 26.9 cm s-1 
(B), and 35.1 cm s-1 (C). The oxygen concentration is expressed on a 
linear color scale of 256 colors. 

A    B     C 
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Figure 2-6. Gross photosynthetic rates determined by the light-dark shift technique 
(Revsbech and Jørgensen ,1983) at irradiance of 578 µmol photon m-2 s-

1. The thick horizontal line indicates the position of the mat surface. 
 

 

400-µm thick, 13-d-old biofilm is shown in Figure 2-5. As flow increased from 6.2 to 

35.1 cm s-1, the average O2 saturation increased from 0 to 23.1%. 

Some areas of the biofilm were more sensitive to changes in flow velocities than 

others (Figure 2-5). Flow-sensitive sites coincided with voids of anoxic 'islands' cell 

clusters as observed through a stereomicroscope. The complex structure ensured 

efficient nutrition to the base of the film and the community as such (Costerton et al. 

1994, de Beer at al. 1994). Due to the high spatial heterogeneity of biofilms it is 

normally not appropriate to study them with microsenors. One alternative is to use 

planar optodes. 

Very recently Glud et al. (in press b) applied planar oxygen optodes in a 

comparable experimental set-up to study gross and net photosynthesis in a 

heterogeneous cyanobacterial mat. The gross photosynthetic rates of the mat were 

determined by applying the light-dark-shift technique to the mat (Revsbech and 

Jørgensen 1983; Glud et al. 1992). The gross rates showed a surface layer with low 
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activity and a deeper horizon dominated by micro colors with a relatively high activity 

(Figure 2-6). 

 

 

 

 

2.4. The new System  

2.4.1. Materials and Methods 

To overcome heterogeneity in sensors and light field, a pixel by pixel calibration was 

also applied in this set-up. In case of lifetime imaging, intensity variations due to 

photobleaching or variable indicator concentrations is negligible since the decay rate 

of fluorescence is independent of, for example, fluorochrome concentrations (Holst et 

al. 1998). This new system, still under development, consists of a fast-gated CCD 

camera (SensiMod PCO) with an electronic-operated on-chip shutter and a blue 

excitation light source (Figure 2-7).  

Two different light sources have been used, a combination of 8 blue-light emitting 

diodes (LED, BP280CWPB1K, DCL Components Limited) or a Xenon flashlamp 

(A0021F, Oxygen Enterprise) combined with a blue bandpass filter. A close to 

homogeneous light field was created by a fiberoptic ring light (light spot of 50 mm 

diameter at a distance of 50 mm from the ring light, Schölly Fiberoptic GmbH). The 

ring was mounted in a light tight housing in front of the camera and connected to the 

light source (Holst et al. 1998). The area covered by one image is approximately 32 

mm x 24 mm and corresponds to a theoretical spatial resolution of 50 µm2 per pixel. 

As for the old system, applying other optics can change both the covered area and 

the spatial resolution. 
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Figure 2-7. Schematic drawing of the imaging system combined with a planar 

optode. The imaging system consists of a CCD camera, a PC, and a 
trigger control unit working together with an excitation light source, optical 
filters (OF), and a ring light as light guide (lg). 

 

 

The camera is connected to a PC, which is the controlling unit for image 

acquisition, storage, display and timing. To ensure a precise timing of excitation light 

source switching and image acquisition, essential for accurate lifetime 

measurements, the PC adjusts the necessary timing signals via a connected pulse-

delay generator (DG535, SRS Stanford Research Systems) as described in detail by 

Holst et al. (1998). A schematic drawing of the set-up is shown in Figure 2-7.  

Concurrent with the improvement of the technical part of the system, the matrix of 

the planar oxygen optode has been improved. An organically modified sol-gel matrix 

is in part characterized by the pore size and its water insolubility (Hoshino and 

Mackenzie 1995; McEvoy, McDonagh and Mc Craith 1996). During the sol-gel 

process, hydrolysis and polycondensation reactions of silica alkoxides take place, 
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allowing the preparation of a unique, noncrystalline material with tunable properties. 

Matrices with high oxygen permeability and a hydrophobic character can be obtained 

by varying the sol-gel process.  

Adding substituted organic precursors induce flexibility and lower brittleness of the 

matrix. The preparation of the organically modified sol-gel was further improved to 

achieve a long term stability and foil homogeneity, overcoming the main problems of 

plasticized PVC-based sensors. 

For preparation of the planar optode, the fluorescence dye Ru-DPP (1% wt ) was 

dissolved with scattering particles (33% wt) in the sol-gel matrix (66% wt) and spread 

as a thin layer ( ∼10 µm after solvent evaporation) on a polyester foil (125 µm) as 

described by Glud et al. (1996). In contrast to Glud et al., this oxygen sensor has 

been applied without optical insulation. Because of the milky appearance of the 

sensor, caused by the scattering particles, the measurements are not affected by 

scattering from sediment particles (data not shown). While taking an intensity image, 

the excitation light is switched on for < 1 ms. During such short exposure, it is unlikely 

for photosynthetic oxygen stimulation within the sample to occur (Holst et al. 1995). 

 

 

2.4.2. Measurements in bioirrigated sediments  

The newly developed imaging system was applied in the intensity mode and 

calibrated as described above. The very first data of the new measuring device was 

obtained from a microbial mat sampled at shallow water depth at Gullmars Fjord 

(Sweden). At the sampling location the bottom water was practically stagnant. The 

sample, taken by a core with a flat glass window, was kept at in-situ conditions. Two-

dimensional oxygen distributions were measured during a 24-h cycle. During 
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recording, the core and the measuring set-up was maintained outside the laboratory 

so that the sample was exposed to natural irradiance. 

Oxygen distributions within the mat at 1:00 p.m. and at 1:00 a.m., respectively are 

shown in Figure 2-8. The original size of the observed area is 12.5 mm x 18.5 mm, 

and the surface is approximately at the level of 14 mm (Figure 2-8). The different 

oxygen penetration depths of the two mats reflected the effect of the two light 

extremes. In daylight, high levels of oxygen super saturation were observed in the 

mat at a depth of approximately 4 mm. The overlying water was supersaturated. At 

night, high O2 values were only observed closed to the mat surface, while the  

 

 

Figure 2-8. Images of the oxygen distribution in the fjord mat during a 24 h cycle at 
1:00 a.m. (day) and 1:00 p.m. (night). The image represents an area of 
12.5 x 18.5 mm with a spatial resolution of 50 µm. The surface is denoted 
as thick, black line and the O2 concentration is expressed in a linear color 
scale of 256 colors. The dots marked with arrows are insensitive spots or 
sand grains between sensor foil and glass window. 
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overlying water was still supersaturated. In contrast to Glud et al (1996), a relief 

picture (in the way of a contrast picture of the surface) was taken to detect the 

surface of the mat. 

Non-sensitive spots in the planar optode or sand grains between the sensor and 

the core wall most likely caused the small dots (marked with arrows) that were visible 

in the images. Non-sensitive sites could result from evaporation of the solvent out of 

the sensing matrix. In the future, applying other solvent mixtures and a more 

homogeneous spreading of the matrix-dye mixture will minimize this effect. 

 

 

 

 

2.5. Future plans 

In the near future, we will optimize measurements in a luminescence decay-rate 

based mode. Further plans are to develop planar sensors for other chemical 

variables, for example, pH and CO2 and to combine several fluorochromes in one 

sensor for fast detection of multiple chemical parameters. A pH planar optode could 

work based on a fluorescence indicator with a pH-sensitive adsorption maximum in 

the visible part of the spectrum and a nearby pH-independent wavelength. The 

second wavelength can be used as referencing system (Kohls et al. 1997). 

Developments at modular and flexible in-situ use (for example, benthic landers) will 

be initiated. 

There are also plans to detect concentration changes continuously over time as 

has been done by Glud et al. (1998b). 
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Abstract 

We describe the fabrication of organically modified sol-gel (ORMOSIL) planar 

optodes for mapping the two-dimensional oxygen distribution in sediments. All sensor 

foils were based on the use of ruthenium(II)-tris-(4,7-diphenyl-1,10-phenantrolin)-

perchlorate, which is a fluorescent dye quenched dynamically by oxygen. Sensors 

made with different sol-gel immobilisation matrices, different concentrations of 

precursors and indicator dye, as well as different types of scattering particles co-

immobilized in the sensor foil were investigated systematically. Optimal sensor 

performance was obtained with dye concentrations of 2-10 mmol/kg in an 

immobilisation matrix made of diphenyldiethoxy-silan and phenyltriethoxy-silan 

precursors with addition of organically coated TiO2 particles. The sensors exhibited a 

good mechanical stability and a high sensitivity from 0 to 100% oxygen, which 

remained constant over at least 36 days. The planar optodes were used with a 

fluorescent lifetime imaging system for direct mapping of the spatio-temporal 

variation in oxygen distribution within marine sediment inhabited by the polychaete 

Hediste diversicolor. The measurements demonstrated the spatio-temporal 

heterogeneity of the oxygen distribution in bioturbated sediments due to burrow 

structures and non-constant irrigation activity of the polychaete, which is difficult to 

resolve with microsensors or with traditional biogeochemical techniques. 
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3.1. Introduction 

Optical sensors for oxygen, pH and CO2 measurements in aquatic environments 

have been developed over the past 5-10 years and represent a good alternative to 

electrochemical sensors (Holst et al. 2000). In particular fiber-optic microsensors 

(microoptodes) for oxygen (Klimant et al. 1995) have been applied in biogeochemical 

studies for both laboratory and in-situ measurements (e.g. Glud et al. 1999a, 

Wenzhöfer et al. 2000, Mock et al. 2002). However, microsensors allow only for a 

limited amount of point measurements that cannot fully resolve the inherent 

spatiotemporal heterogeneity in sediment structure and oxygen distribution, 

especially in bioturbated sediment. The recent development and application of optical 

sensor foils (planar optodes) and imaging systems now enable microscale 

measurements of oxygen distribution in two-dimensions (Glud et al. 1996, Holst et al. 

1998, 1999, Liebsch et al. 1999). However, a detailed description of the production 

and evaluation of planar oxygen optodes is still lacking. 

Optical oxygen sensors can be made with different oxygen sensitive dyes and 

immobilisation matrices causing differences in e.g. sensor response time, oxygen 

sensitivity, and photostability. Important design criteria for planar optodes to be used 

in environmental applications are 1) good hydrophobicity, 2) solid adhesion to the 

supporting foil, 3) homogeneity of the sensor foil, and 4) long term stability against 

bleaching, ageing and biodegradation. Furthermore, the oxygen permeability of the 

applied immobilisation polymer is of major concern for the development of planar 

oxygen optodes. 

Organically modified sol-gels (so-called ORMOSILs) are transparent, tolerate high 

temperatures, and are not biodegraded. ORMOSILs have previously been used as 

immobilization matrix for various optical sensors (Iwamoto and Mackenzie 1995, Lev 

et al 1995, Shahriari et al 1997), including well-functioning oxygen microsensors 
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(Klimant et al. 1999). The sol-gel formation is based on i) hydrolysis of the 

precursors, ii) condensation and densification of the hydrolysed precursors, and iii) 

drying of the matrix material. The properties of the resulting polymers are highly 

sensitive to environmental conditions like pH and temperature as well as the applied 

solvent. Furthermore, the choice of precursor affects the properties of the resulting 

sol-gels and numerous different types of organically modified sol-gels have been 

described in the literature (e. g. Liu et al 1992, McEvoy et al 1996). Phenyl-

substituted precursors generally result in sensor foils with good hydrophobicity and a 

high photostability of the incorporated dye. The O2 sensitivity of the sensor foils is 

mainly influenced by the hydrophobicity and the pore size of the matrix, both of which 

can be adjusted by varying the ratio of alkoxy- and phenyl-substituted groups of the 

precursors. 

The measuring principle used with planar optodes is based on the dynamic 

quenching (Stern and Volmer 1919, Kautsky 1939) of ruthenium(II) 4,7-diphenyl-

1,10- phenantroline (Ru-DPP) fluorescence by oxygen (Hartmann and Leiner 1995). 

The oxygen dependent quenching can be quantified by a modified Stern-Volmer-

Equation (Bacon and Damas 1987, Carraway et al 1991): 

 

(1) 

 

The equation shows the relation between oxygen concentration, c, the 

fluorescence intensity, I, and the lifetime, τ, respectively. The lifetime is defined as 

the average fluorescence lifetime of the excited state of the dye assuming mono-

exponential decay. I0 is the maximal fluorescence and τ0 the lifetime in the absence 

of oxygen, Ksv is a constant expressing the quenching efficiency of the fluorophore, 

and a is the non-quenchable fraction of the fluorescence. Both Ksv and a are affected 

⎥
⎦

⎤
⎢
⎣

⎡
−+

+
== )1(

)*1(00
a

cKsv
a

I
I

τ
τ



3. Fabrication of planar optodes for aquatic sediments 
 
 

56

by the choice of the immobilisation polymer. The non-quenchable fraction can be 

considered constant for similar ORMOSILs with similar dye concentration (Klimant et 

al. 1999). Once the calibration curves are obtained the parameter a in Eq. (1) can 

thus be determined for a calibration curves are obtained the parameter a in Eq. (1) 

can thus be determined for particular ORMOSIL/dye mixture. Thereafter, two variable 

parameters remain in Eq. (1), i.e. KSV and I0 (or τ0), and these can be determined 

from a simple two-point calibration (see details in Holst et al. 1998). 

According to Eq. (1), optical oxygen measurements can be based on either 

fluorescence intensity or lifetime measurements. First applications of planar oxygen 

optodes were based on fluorescence intensity imaging (Glud et al. 1996). 

Fluorescence lifetime is, however, a more robust parameter for optical quantification 

of oxygen, as the measuring signal is independent of the absolute fluorescence 

intensity. Therefore some potential artefacts can be avoided (see also Holst et al. 

1995, 1998) and transparent or semi-transparent planar optodes can be used (Holst 

and Grunwald 2000). Fluorescence intensity based sensing often appears to have a 

better signal to noise ratio, but such measurements require a sensor layer that is 

oxygen permeable and optically dense (e.g. made of black silicone) leading to a 

slower response time and elimination of the possibility to observe the sample through 

the optode. However, the preferred measuring scheme depends on the given 

application (e.g. Glud et al. 1999b). Fluorescent lifetimes can be determined by 

phase-modulation techniques (Holst et al. 1995) or by direct determination of the 

fluorescence lifetime by measuring fluorescence in defined time windows after an 

excitation light pulse (Holst et al. 1998). The lifetime imaging system used in this 

study uses the latter approach. 

The goals of this study were i) to develop and optimise planar optodes for oxygen, 

which are well suited for application in sediments, and ii) to demonstrate the potential 
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of the new planar optodes for studies in bioturbated marine sediments. We present 

detailed fabrication details and a systematic investigation of optodes made with 

various sol-gels materials. Optimised planar optodes were used for measurements of 

oxygen dynamics around a Hediste diversicolor burrow in coastal marine sediment. 

 

 

 

 

3.2. Material and methods 

3.2.1. Synthesis of the ORMOSILs 

Three different ORMOSIL matrices were fabricated from silicon alkoxide- and 

organylalkoxy-silanes precursors with one to three oxide-bound functional groups. 

The precursors were converted to ORMOSILs via acid catalyzed hydrolysis and poly-

condensation reactions (Figure 3-1), followed by a temperature controlled 

densification process (Brinker 1988). 

The first series of ORMOSILs were prepared from the precursors 

diphenyldiethoxy-silan (DDOS; Merck, Germany) and trimethoxymethyl-silan 

(denoted as TOMS; Merck, Germany) with an increasing concentration of TOMS 

versus DDOS (Table 1). A known amount of DDOS (denoted m in Table 1) was 

added to  6.42 ml Ethanol (0.11 mol) and 2.1 ml 0.1N Hydrochloric Acid (0.21 mmol) 

(Merck, Germany), which acted as a catalyst (Liu et al 1992, Klimant et al 1999). In 

all experiments, the solution became turbid upon catalyst addition but then turned 

transparent after a few minutes. Subsequently, the solution was quickly heated to 

60°C under reflux condensation for 120 min. The temperature stabilized at 60°C ± 3° 

C within 5 min after the reflux was started. Special care was taken to obtain 

homogeneous solutions by applying rigorous stirring. After the heating was stopped 
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various amounts of TOMS (denoted x in Table 1) were added followed by further 

stirring at room temperature for 30 min. The solution was then poured into de-ionized 

water and left for phase separation at room temperature over night. The following 

day, the viscous polymer oil was separated and dried at 200°C. The drying process 

was stopped after 24 hours, and the cold sol-gel was pulverized before further use. 

A second series of ORMOSILs was made with phenyltriethoxysilan (PTS; Merck, 

Germany) and methoxytrimethysilan (MOTS; Merck, Germany) under identical 

experimental conditions concerning amount of solvent, catalyst, heating and drying 

conditions, as used in the first series (Table 2). Additionally, the effect of using 

different reflux times, i.e. 30, 60 or 90 minutes, was studied. 

 

 

Table 1.  Composition of the ORMOSIL series 1 matrices. The precursors 
diphenyldiethoxysilane (DDOS) and trimethoxysilan (TOMS) were used 
to synthesize the organically modified sol-gel series 1 (OMS 1). In the 
second and third columns the experimental concentrations are given 
while the last column contains the TOMS:DDOS molar ratio. 

 
DDOS TOMS  TOMS/DDOS 

Mass  Molar ratio (mol 
TOMS/mol DDOS) 

OMS 

type no. 

m 

(mmol) 

x 

(mmol) 
 

x 

 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

25.3 

25.0 

25.0 

28.4 

28.4 

16.7 

25.0 

25.0 

0 

0.6 

1.0 

3.1 

5.0 

3.4 

7.0 

9.6 

 

 

 

 

 

 

 

 

0 

0.02 

0.04 

0.11 

0.18 

0.20 

0.28 

0.38 
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Figure 3-1. Scheme for the synthesis of ORMOSIL based planar O2 optodes: I) 
Condensation and drying of the precursors PTS and DDOS. II) Stock 
mixture preparation consisting of the solvent chloroform, scattering 
particles (SP), the fluorescence dye (Ru-DPP), and the ORMOSIL. III) 
Immobilisation of the sensor chemistry (=L2; final thickness after 
hardening ~10 µm), and mounting on a transparent support layer (=L1; 
thickness ~100 µm). 
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Table 2. Composition of the ORMOSIL series 2 matrices. The second series of 
ORMOSILs (OMS 2) were prepared from phenyltriethoxysilan (PTS) and 
methoxytrimethylsilan (MOTS). The reflux time was varied for the 
fabrication of OMS 2.2. In the second and third columns the experimental 
concentrations are given while the last column contains the MOTS:PTS 
molar ratio.  

 
PTS MOTS MOTS/PTS Reflux time 

Mass Molar ratio (mol 
MOTS/mol PTS)  

OMS 

type no. 

m 

(mmol) 

x 

(mmol) 

x  

 

2.1 

2.2 a 

2.2 b 

2.2 c 

2.2 d 

2.3 

2.4 

2.5 

2.6 

25.0 

26.0 

26.0 

26.0 

26.0 

25.0 

26.0 

25.0 

26.0 

0 

1.8 

1.8 

1.8 

1.8 

2.5 

3.6 

5.0 

7.3 

0 

0.07 

0.07 

0.07 

0.07 

0.10 

0.14 

0.20 

0.28 

 

30 min 

60 min 

90 min 

120 min 

 

 

 

Finally, a third series of ORMOSIL matrices were made from the two components 

DDOS and PTS with increasing ratios of PTS to DDOS (Table 3). In this case the two 

precursors were added at once and dissolved in 5.83 ml ethanol (0.1 mol). 

Thereafter, 2.3 ml 0.1N HCl (0.23 mmol) was added under vigorous stirring. The 

reflux time and temperature were the same as in series one. Although nothing was 

added to the solution after the heating was stopped, the solution was stirred for 20 

min at room temperature. The final steps were undertaken under identical conditions 

as in series one. 
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Table 3. Composition of the ORMOSIL series 3 matrices. The third series of 
ORMOSILs (OMS 3) were fabricated from the two components 
diphenyldiethoxysilan (DDOS) and phenyltriethoxysilan (PTS). In the 
second and third columns the experimental concentrations are given 
while the last column contains the molar ratio of PTS to the base of the 
molar sum of DDOS and PTS. The DDOS ratio is given by one minus the 
PTS ratio. 

  
PTS DDOS  PTS  

Mass  Molar ratio (mol DDOS/ 
mol DDOS+PTS) 

OMS 

type no. 

m 

(mol) 

x 

(mol) 
 

m 

 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.8 

3.9 

3.10 

3.11 

25.0 

22.6 

20.0 

17.6 

15.1 

12.5 

9.9 

7.5 

5.0 

2.5 

0 

0 

2.5 

5.0 

7.5 

10.0 

12.5 

14.9 

17.6 

20.0 

22.7 

25.3 

 

 

 

 

 

 

 

 

1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

 

 

3.2.2. Synthesis of the fluorescence dye 

225.9 mg RuCl3*H20 (Fluka, Germany) were diluted in 5 ml ethylene-glycol (Fluka, 

Germany) and 0.5 ml de-ionized water, and then heated to 160° C under reflux 

condensation. At 120° C 1.06 g of the ligand 4,7-diphenyl-1,10-phenantrolin (also 

known as batho-phenantrolin; Fluka, Germany) was added. The mixture was heated 

for another 45 minutes, cooled, and then 50 ml acetone (Fluka, Germany) was 

poured into the cold solution. The mixture was filtered through a G4 glass filter and 

the filtrate then contained the ligand-substituted ruthenium complex. To precipitate 

the ruthenium complex as a perchlorate salt, 50 ml perchloric acid (1N; Fluka, 
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Germany) were added to 10 ml of the filtrate. Finally, the ruthenium complex salt was 

re-crystallized to gain pure ruthenium (II) tris (4,7-diphenyl-1,10-phenantrolin) 

perchlorate (denoted as Ru-DPP). A more detailed description of the synthesis is 

given elsewhere (Klimant 1993, Klimant et al. 1999). 

 

 

3.2.3. Preparation of the planar oxygen optode 

Planar optodes with and without light scattering particles (denoted as SP) 

incorporated in the dye-ORMOSIL matrix were fabricated. A stock sensor solution 

was prepared by dissolving varying amounts (0.4-16.5 mg) of Ru-DPP and 250 mg 

ORMOSIL in 1 ml chloroform (Merck, Germany). After addition of scattering particles, 

the mixture of sensor solution and scattering particles was homogenized by Vortex 

mixing for two hours (Klimant et al 1999). 

Oxygen sensors based on ORMOSIL 3.2 were fabricated with dye concentrations 

of 1, 2, 5, 10, 20, and 50 mmol/kg, respectively, in order to identify the optimal dye 

concentration for planar optodes. Furthermore ORMOSIL 3.10-based planar optodes 

were fabricated with different types of scattering particles made of TiO2 (Merck, 

Germany), BaSO4 (Merck, Germany), lipophilized BaSO4, Pigment A (coated TiO2, 

Kronos, Germany), or Pigment B (coated TiO2, Kronos, Germany) in order to find the 

optimal type of scattering material. 

Planar optodes were fabricated by spreading the sensor cocktail on a 125 µm thick 

transparent polyester foil (Mylar, Goodfellow, Great Britain) (for a schematic drawing 

see Figure 3-1). For this, the polyester foil was fixed to a flat stainless steel plate by 

generating vacuum from below. The sensor cocktail was then applied to the foil and 

spread in a thin layer using a sharp knife-like metal device. The layer thickness was 

regulated with spacers so that the knife moved ~100 µm over the surface of the foil. 
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After evaporation of the solvent (at least 24 h at room temperature) the sensor layer 

had a final thickness of approximately 10 µm. 

 

 

3.2.4. Characterization of planar oxygen optodes 

Measuring characteristics of the planar optodes were determined by calibration 

measurements in water flushed with defined mixtures of nitrogen and oxygen. Two-

point calibrations were performed from readings within air saturated water and N2 

flushed water. For first characterizations of the optodes, we used a fiber-optic 

instrument for measuring fluorescent lifetimes via the phase-modulation method 

(described in Holst et al. 1995). With this method, the dye in the planar optode is 

excited with sinusoidal modulated light and therefore emits sinusoidal modulated light 

with a certain delay. The delay causes a shift in the phase angle (ϑ) between 

excitation and emission allowing the determination of the lifetime (see below). The 

applied setup consisted of a two-phase lock-in amplifier (Stanford Research 

Instruments, SR 830, USA), which controlled both the excitation source (a 470 nm 

LED, Nichia, Japan, equipped with a Schott BG12 glass filter) and the detector (a 

photodiode, Hamamatsu/S5821-01 equipped with a Schott OG590 glass filter). Light 

was guided to and from the planar optode via a bifurcated optical fiber (AMS 

Optotech, Germany). The emitted fluorescence signal was referenced to a red-

colored foil (fire red, Conrad Electronics, Germany). After analogue and digital signal 

processing, the oxygen dependent fluorescence signal was recorded as a phase 

angle, i.e. the phase shift between the two sinusoidal signals. From this phase angle, 

ϑ, and the modulation frequency, f (here 45kHz), the fluorescence life time, τ, was 

calculated according to 

   
f**2

)180*tan(
π
πϑτ =       (Eq. 2) 
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A more detailed characterization of sensor foils was done with a modular 

luminescence lifetime imaging system (described in Holst et al. 1998). The 

experimental set-up (Figure 3-2) consisted of a fast gate-able CCD camera 

(SensiMod VGA, PCO, Germany) and a blue excitation light source, which was either 

an array of 8 blue light emitting diodes (470 nm LED, DCL Components Ltd., UK) or a 

Xenon flash lamp (Oxygen Enterprises, USA). Homogeneous illumination of the 

planar optode was realized with a fiber optic ring light (Schölly Fiberoptic GmbH; 

Germany) coupled to the excitation light source. The ring light was mounted in a light-

tight housing in front of the camera and connected to the light source via a fiber-optic 

cable (Hartmann and Ziegler 1996, Holst et al. 1998). 

 

 

Figure 3-2. Schematic drawing of the imaging system with camera housing, filter, 
light source and data acquisition device. The experimental chamber 
equipped with an O2 planar optode was flushed with defined mixtures of 
N2 and O2. The walls of the chamber were darkened. 
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In this study, the images covered an area of 2.6 x 2.5 cm2, corresponding to a 

spatial resolution of 50 x 50 µm2 per pixel. However, the spatial resolution can easily 

be changed by modification of the optical configuration in front of the CCD camera. A 

pulse-delay generator (SRS-DG535, Stanford Research, USA) controlled the 

triggering of excitation light and image acquisition. All instruments were controlled by 

custom-made software (see Holst and Grunwald 2000). Image analysis and 

calibration were done with self-made programs in the software package IDL 

(Research Systems Inc., USA). A detailed description of the data acquisition and 

post-processing procedures are presented elsewhere (Holst and Grunwald, 2000). 

 

  

3.2.5. Measurements of O2 distribution around worm burrows 

The planar optodes with the best measuring characteristics were used to make 

measurements of O2 distribution in sediment surrounding burrows of the polychaete 

Hediste diversicolor. The sediment and small specimens of H. diversicolor were 

retrieved from Helsingør Harbour, Denmark. The sediment was sieved and 

transferred to a self-made flow chamber (4 x 100 x 40 mm) equipped with a planar 

oxygen optode (Figure 3-3). The planar optode covered an area of 2.6 x 2.5 cm2 

yielding a pixel resolution of approximately 50 x 50 µm2. The flow chamber was 

mounted in front of the camera housing and was shielded against ambient light on all 

other sides in order to prevent stimulation of photosynthetic oxygen production and 

optical interferences. Aerated water kept at constant salinity (30) and temperature 

(23ºC), was circulated at constant flow velocity through the flow chamber during the 

experiments. One specimen of H. diversicolor was added to the flow chamber and 

the polychaete was allowed to establish a burrow and to acclimate to the 
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experimental conditions overnight before pictures of the oxygen distribution were 

recorded. 

The experiments were performed with 3 different specimens of H. diversicolor. The 

polychaetes were kept for 2 – 3 days in the chambers without feeding in order to limit 

bacterial growth within the chamber and tubing, which would affect the O2 

measurements. With every specimen up to 10 trials were performed with intervals of 

1 min, 2 min, 3 min, and 10 min between the images. The trials lasted from 10 min to 

3 hours. The images presented here show the most spectacular events. 

 

 

 

Figure 3-3. Schematic drawing of the imaging system with camera housing, filter, 
light source and data acquisition device. The experiment chamber 
equipped with an O2 planar optode was filled with sediment inhabited by 
one specimen of H. diversicolor. The chamber was constantly supplied 
with fresh aerated seawater at constant temperature and salinity. The 
walls of the chamber were darkened. 
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The diffusive oxygen uptake (DOU) was calculated from O2 images by Fick’s first 

law of diffusion. According to Fick’s first law of diffusion the vertical flux of O2 through 

the sediment surface, JV can be calculated as 

   ⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

−=
z
zCDJ SV
)(**φ      (Eq.3) 

where φ is the porosity (here 0.34 vol/vol) of the sediment, DS is the tortuosity, 

temperature and salinity corrected diffusion coefficient for O2 in the sediment (Ullman 

and Aller 1982, Broecker and Peng 1974, Li and Gregory 1974), and (∂C/∂z) is the 

vertical gradient of O2 just below the sediment surface. Equation 3 was also used to 

estimate the horizontal O2-flux through the burrow wall (JH) from horizontal oxygen 

gradients. These calculations assume steady state conditions around the burrow 

walls for the moment images were taken. 

 

 

 

 

3.3. Results and discussion  

3.3.1. Influence of precursor concentration on quenching and mechanical properties 

of optodes 

Precursors and reaction conditions were partly chosen based on the findings of 

Carraway et al. (1991) and Murtagh et al. (1998). Their studies demonstrated that 

Ru-DPP exhibits improved quenching by oxygen when immobilised in materials of 

increasing hydrophobicity and oxygen permeability. Additionally, the increase of 

methyl groups in the ORMOSILs lead to a better O2 sensitivity at lower O2 

concentrations. Nevertheless, it was difficult to foresee the final polymerisation 

products. In case of the ORMOSIL series 1-3, the solvent concentration was high 

compared to the precursor concentration promoting intra-molecular reactions leading 
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to cyclic and short molecule chains (Hoshino and Mackenzie 1995). Furthermore, 

aromatic-groups can improve the photostability of oxygen-sensing materials and 

phenyl-substituted ORMOSILs enhance the solubility of the Ru-DPP dye in the matrix 

(Klimant et al 1999). Phenyl groups do not participate in the polymerisation process 

and they need more steric space than alkoxy groups leading to a less dense network 

formation in the ORMOSIL matrix. 

We took advantage of these effects in our fabrication of optimised planar O2 

optode with high sensitivity. One measure of O2 sensitivity is the signal width, i.e. the 

difference between τ(0) and τ(air), of a planar oxygen optode, where τ (0) and τ (air) 

denote the luminescence lifetime in oxygen free and fully aerated water, respectively. 

The signal width depends on the O2 permeability of the polymer matrix and a steep 

slope in the calibration curve indicates a high O2 permeability (Liu et al 1992). The O2 

signal width is also reflected in the lifetime ratio, R = τ(0) / τ(air), (Figure 3-4). For 

every stock solution of sensor material (see § 2.4) two similar planar optodes were 

prepared and characterised and each of these optode represent a single data point in 

Figure 3-4. 

In the ORMOSIL series 1 material, DDOS had two hydroxy-groups capable of 

polymerisation. This promoted the formation of linear chains and the addition of a 

‘cross-linker’ such as TOMS caused the formation of larger interconnected structures 

resulting in weak glass like polymers exhibiting a low O2 sensitivity. Increasing the 

amount of interconnections (by increasing amounts of TOMS) yielded a harder 

polymer matrix but did not increase the O2 sensitivity. No significant change in R was 

observed with O2 sensors prepared from the ORMOSIL series 1 with varying molar 

ratios of the precursors (Figure 3-4A; Table 1). The R-values varied only between 1.1 

and 1.2 although the amount of the ‘cross-linker’ TOMS was increased from 0 to 0.4 

mol TMOS/mol DDOS. However, the optodes with high amounts of TOMS became 
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more brittle and less adhesive to the supporting foil. One reason for this could be the 

progressed self-condensation of DDOS, which reduces the chance for TOMS to form 

interlinks between the DDOS polymers. Thus the resulting molecule and matrix 

structures were not changed in their basic appearance. It is also likely that TOMS 

reacted with itself and formed its own dense structure, which fills in the larger 

structure of the DDOS polymers. This could also explain the low O2 sensitivity. 

The O2 optodes prepared from the ORMOSIL series 2 were expected to show a 

decrease in their O2 sensitivity with increasing molar ratio of MOTS yet were also 

expected to have a less brittle structure and show better adhesion to the support foil. 

Indeed, the optodes changed from a hard glassy consistency to a soft polymer 

structure with increasing amounts of MOTS. The results presented in Figure 3-4B 

show a minor decrease of R (and thus in the O2 permeability) from 2.2 to 1.7 with this 

increase in the amount of MOTS. MOTS functions as ‘end-cap’ (Liu et al 1992, 

Klimant et al 1999) for the self-condensation of PTS and interrupts the 

polymerisation. The relatively low amounts (Table 2) of MOTS used here (Table 2) 

lead to an enhanced number of free alkoxyl groups, allowing for continued 

condensation reactions in the planar oxygen optodes. This then causes drift of the 

calibration curve over time after fabrication (data not shown). 

 

 

Table 4. The role of reflux time for OMS 2.2 performance. Planar oxygen optodes 
were fabricated on the base of OMS 2.2, prepared under different reflux 
times, and characterized by their decay-time ratio, R. 

 

OMS type no. t (min) R 

2.2 a 

2.2 b 

2.2 c 

2.2 d 

30 

60 

90 

120 

1.41 

1.54 

1.68 

1.80 
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Figure 3-4. Impact of the precursor molar ratio on R-values of the ORMOSILS 1-3: 

(A) precursor TOMS relative to DDOS molar ratio prepared as presented 
in Table 1 , (B) precursor MOTS relative to PTS molar ratio prepared as 
presented in Table 2, (C) precursor PTS relative to DDOS molar ratio as 
presented in Table 3. The R-values were measured with a decay time 
based imaging technique. 
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We studied the impact of varying reflux time on the measuring characteristics of O2 

optodes made of the OMS 2.2 matrix. It was observed that R increased from 1.4 to 

1.8 with increasing reflux time (30–120 min) during the sol-gel preparation (Table 4). 

The short reflux time of 30 min resulted in a soft polymer with a poor oxygen 

solubility. Longer reflux times (60-120 min) increased the formation of cross-links 

during the polymerisation resulting in a more open net-like structure with improved 

oxygen solubility. A reflux time of 120 min resulted in planar optodes with good R-

values and this timing was used for all further ORMOSIL preparations. Although the 

optodes of ORMOSIL series 2 exhibited a much better oxygen permeability (R > 1.7) 

than those made of the ORMOSIL series 1 (R < 1.2), the solubility of ORMOSIL 2 in 

chloroform was poor, and the manufactured planar optodes suffered from a poor 

mechanical stability. 

Another approach was to moderate the ORMOSIL properties via mixing the 

precursors DDOS and PTS without later supply of an ‘end-cap’ or ‘cross-linker’ 

(ORMOSIL 3 material). Previous studies showed that pure DDOS forms weak 

polymers with a low O2 sensitivity, whereas pure PTS forms a brittle glass with a 

good O2 sensitivity. By using a mixture of the two precursors we could fabricate 

planar oxygen sensors with both a high O2 sensitivity and a stable polymer matrix. 

The optodes prepared from the ORMOSIL series 3 (Figure 3-4C) exhibited a 

significant increase of R at > 0.7 mol fractions PTS. With pure PTS, the value of R 

almost doubled from 1.2 to 2.2. The ORMOSIL 3 materials generally had a good 

solubility in chloroform and exhibited a good mechanical stability. Based on the 

mentioned observations, the ORMOSIL 3.2 (R=1.6) (see Table 3) was selected as 

the most promising matrix material for planar optodes. Tests of planar optodes made 

of this ORMOSIL showed very good sensor performance for > 36 days (see below). 
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Figure 3-5. Histograms of pixel intensity values as a measure of sensor 
homogeneity. The applied ORMOSIL was 3.2 with a dye concentration of 
5 mmol/kg. Results from planar optodes prepared with different types of 
scattering particles: (A) BaSO4, (B) TiO2, (C) K2059 and (D) K2210. The 
mean intensity of each image was set to 100%. 

 

 

3.3.2. Role of scattering particles for planar optode performance 

The addition of scattering particles to the sensing layer can enhance the signal 

intensity of planar optodes, as the fluorescent indicator is excited more efficiently due 

to increased scattering in the matrix. Furthermore, scattering particles can facilitate a 

more even excitation of the foil if the particles are dispersed homogeneously in the 

sensor material. However, too large amounts of TiO2 in the sensor matrix can cause 

significant fluorescence quenching due to a charge transfer process between Ru-

DPP and TiO2 (Matthew et al. 1997). Four different types of scattering particles were 
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investigated with respect to their dispersion in ORMOSIL 3.2 and the homogeneity of 

the final oxygen optode (Figure 3-5). As a measure of homogeneity, we calculated 

the mean and standard deviation of the fluorescent intensity values of all pixels in 

images recorded with the optode in air-saturated water (Figure 3-5). The most 

homogeneous sensors were manufactured with the Kronos pigments A and B 

yielding a symmetrical peak with a low standard deviation of 1.3 (Figure 3-5C + D). It 

was not possible to detect a significant difference in performance between the two 

pigments. In comparison, the optodes prepared with uncoated BaSO4 (Figure 3-5A) 

and TiO2 (Figure 3-5B) exhibited non-symmetrical distributions of fluorescence 

intensity with a standard deviation of 3.7 and 1.7, respectively. Besides facilitating 

good dispersion and homogeneous sensor foils, the organic coating of the Kronos 

pigments apparently also minimized the quenching effect of TiO2 mentioned above. 

Although a high homogeneity was reached, it was not possible to use average 

calibration values for the entire planar optode, and it was still necessary to perform a 

pixel-by-pixel calibration, when the planar optodes were applied with the imaging 

system.  This means that every pixel of the O2 concentration image corresponds to a 

specific area (here approximately 50 x 50 µm2) of the planar optode, which must be 

regarded as a local sensor with its corresponding calibration values. Consequently, 

the experimental setup must not be modified after calibration or, alternatively, precise 

position markers have to be set on the optodes to enable re-adjustment of the 

images during data processing. 
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Figure 3-6. Calibration curves from planar oxygen prepared of ORMOSIL 3.2 with 
dye concentrations of (A) 2mmol /kg, (B) 10 mmol/kg and (C) 50 mmol/kg 
at varying ageing stages. The calibration curve is given as ratio of τ0/τ 
normalized to zero versus the O2 concentration. 

 

 



3. Fabrication of planar optodes for aquatic sediments 
 
 

75

3.3.3. Dye concentration and ageing of planar optodes 

The performance of 3 sensors made with ORMOSIL 3.2 and (Ru-DPP) 

concentrations of 2, 10 and 50 mmol per kilogram matrix polymer, respectively, was 

investigated over 36 days (Figure 3-6). The best performance with respect to both O2 

sensitivity and long-term stability of the sensor was observed with planar optodes 

containing a low indicator concentration of 2 mmol per kg matrix material (Figure 

3-6A). The calibration curves of the two other sensors showed less oxygen sensitivity 

and the curves changed significantly over time (Figure 3-6B, C). For long-term 

applications in sediments we thus found ORMOSIL 3.2-based sensors with Kronos 

pigment A scattering particles and a dye concentration of ~2-10 mmol per kg matrix 

material to be optimal. At higher dye concentrations photodegradation increases and 

products thereof can quench the fluorescence (Klimant et al. 1999). 

 

 

3.3.4. Reproducibility of planar optode fabrication 

Three sets of ORMOSIL 3.2-based planar optodes with Kronos pigment A were 

fabricated and calibrated under identical conditions (Figure 3-7). While properties like 

mechanical stability, long-term stability of calibration, and adhesion were indifferent 

between the foils, it was difficult to produce polymers with absolute identical physical 

properties with respect to O2 permeability. Thus, it was not possible to obtain a large 

batch of sensor foils with identical calibration curves. This may, however be achieved 

by a more advanced setup for coating the carrier foil. Especially at high partial 

pressure of oxygen the calibration curves for different foils deviated from each other, 

while the performance in the range of 0 to 20% O2 was relatively uniform. Overall, the 

reproducibility was sufficient for our needs but it is important to carefully calibrate 
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each individual sensor foil. All calibration curves showed an excellent correlation with 

the modified Stern-Volmer equation Eq. (1). 

The main difference between our procedure and the ORMOSIL preparation 

process described by Klimant et al. (1999) was the use of a lower drying and curing 

temperature, which simplifies the preparation of the ORMOSILs. Furthermore, our 

systematic investigation showed that reflux times of up to 120 min during fabrication 

resulted in ORMOSIL matrices with improved oxygen solubility and that addition of 

organically coated TiO2 yielded more homogeneous planar optodes. 

 

 

3.3.5. Mapping of the 2-dimensional O2 distribution around a N. diversicolor burrow 

A laboratory application of ORMOSIL 3.2-based planar optodes allowed direct 

mapping of the two-dimensional O2 distribution around a worm burrow (Figure 3-8). 

We show here a time series of 4 images obtained with a time delay of 3 minutes 

between each image.  

 

 

Figure 3-7. Calibration curves of planar oxygen optodes based on 3 preparation trials 
of ORMOSIL 3.2 with a dye concentration of 5 mmol/kg. The calibration 
curve is given as ration of τ0/τ normalized to zero versus the O2 
concentration. 
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A more detailed study of oxygen dynamics around H. diversicolor burrows in natural 

and artificial sediments is presented elsewhere (König et al. in prep.). The images 

reflect the 2-dimensional oxygen distribution (expressed in a linear colour table) 

around the outlet branch of a U–shaped tube inhabited by one individual. Since the 

flow chamber was larger in width than the diameter of the worm burrow, part of the 

burrow was not build completely parallel to the measuring plane. The effect is visible 

in all images of Figure 3-8, where the burrow appears to be interrupted. Furthermore, 

the images showed no pronounced heterogeneity of oxygen in the sediment except 

around the worm burrow, as the sediment was sieved and homogenized before being 

introduced to the experimental chamber.   

 

 

 
 
Figure 3-8. Time series (3 min intervals) recording of the oxygen distribution around 

a Hediste diversicolor burrow (presented in a linear color scale). They 
thick grey line indicates the sediment surface. The flow of the overlaying 
water was directed from the right to the left. The positions of the 3 profiles 
presented in Figure 3-9 are indicated in the last image. 
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The oxygen penetration depth at the primary sediment-water interface varied 

between 2 and 3.8 mm and was affected by the presence of a diffusive boundary 

layer (DBL) closely following the sediment surface. However, the polychaete 

frequently left its tube causing a rearrangement of the sediment surface. The outline 

of the burrow and the sediment surface could be traced by illuminating the flow 

chamber from the opposite side of the planar optode coated chamber causing a 

detectable shadow relief which could be detected by the camera system. 

During the shown image sequence (Figure 3-8), the O2 level inside the burrow and 

in the outlet oscillated between 60% and 5% air saturation. The last image of the 

sequence shows an outburst of water with low oxygen content from the burrow (see 

arrow in Figure 3-8D) after a period of less irrigation activity. The O2 fluctuations over 

time in the burrow were due to variations in the pumping activity of the polychaete 

causing the oxygen concentration to vary from zero to 60% or even 90% (not shown) 

air saturation within a few minutes. Three characteristic oxygen profiles (Figure 3-9) 

were extracted from Figure 3-8D (as indicated by vertical lines). Profile I was strongly 

affected by an outburst of oxygen-depleted water (~19% air sat.), and by the 

presence of the burrow opening. Profiles II and III showed the diffusive oxygen 

uptake at the primary sediment-water interface and enhanced levels of oxygen deep 

in the sediment due to radial diffusion of oxygen from the burrow, i.e., the secondary 

sediment-water interface. Our data show that planar optodes have a large potential 

for resolving the oxygen dynamics in bioturbated sediments at a hitherto unreached 

spatio-temporal resolution (Kristensen 1988). With this technique it is possible to 

visualize the oxygen distribution and dynamics both at the primary sediment-water 

interface and at the secondary interface present around worm burrows, and to 

calculate fluxes and specific oxygen consumption activities at these interfaces. 

 
 



3. Fabrication of planar optodes for aquatic sediments 
 
 

79

 

 

Figure 3-9. Concentration profiles extracted from Figure 3-8. The sediment surface is 
indicated with the black line. Profile I is dominated by the outburst of 
water with low oxygen content from the worm burrow. Profiles II and III 
both show evidence of O2 diffusion across the sediment-water interface 
and radial diffusion from the burrows, although profile II clearly shows a 
stronger effect of radial diffusion. 

 

 

Images of the vertical O2 flux (Figure 3-10A & C) were obtained by applying Eq. (3) 

to the O2 images of figure 8A and D making no differentiation in the flux directions. In 

order to increase the signal to noise ratio of the flux calculations 3 x 3 neighbouring 

pixels were averaged. Consequently, the spatial resolution of the calculated O2 flux 

images was reduced to 150 µm per pixel. The DOU indicated by the vertical flux at 

the primary sediment surface reached at maximum of 4.7 mmol m-2 d-1. Images of the 

horizontal oxygen flux were also calculated (Figure 3-10B & D). Maximal horizontal 

oxygen fluxes of up to 7.9 mmol m-2 d-1 were calculated at the burrow wall. At the 

primary sediment-water interface no significant horizontal flux was observed. These 

O2 fluxes are relative low compared to the reported fluxes of 18-27 mmol m-2 d-1 

(Fenchel 1996, Pelegri and Blackburn 1995) and 52.8 nmol m-2 d-1 (Banta et al. 

1999) and this could be due to the manipulation of the sediment prior to experiments.  
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Figure 3-10. The vertical and horizontal distribution of O2-flux expressed in a linear 
color scale. In order to increase the signal to noise ratio the spatial 
resolution was reduced to 150 µm. They thick grey line indicates the 
sediment surface. Panel A and C show the distribution of vertical O2 flux 
(derived from Fig 8A and D), whereas panel B and D show the horizontal 
the O2 flux. In all panels no indication on the direction of the fluxes is 
given. 

 

 
The O2 uptake of the primary and secondary sediment water interface were in the 

same order of magnitude as e.g. reported by Fenchel (1996). The oxygen flux 

images presented in Figure 3-10. 10 show highest O2 fluxes along the primary and 

secondary sediment-water interfaces. Such data obtained in combination with other 

measures of the sediment biogeochemistry such as e.g. total oxygen uptake, oxygen 

microsensor measurements, measurements of polychaete biomass and irrigation 

activity, and precise determination of burrow geometry now enable the construction 
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of a precise oxygen budget for bioturbated sediments (see e.g. Wenzhöfer and Glud 

2004). Here we have focussed on describing the fabrication and performance of 

planar optodes.  

 

 

 

 

3.4. Summary 

We developed planar oxygen indicator foils (planar optodes) well suited for 

environmental application in aquatic systems. This study is to our knowledge the first 

to present a detailed description of planar optode fabrication along with a more 

systematic investigation of important variables affecting planar optode performance. 

It is our hope that these details will help make the technique more accessible. We 

demonstrated the first use of planar oxygen optodes for investigating the oxygen 

dynamics around polychaete burrows in sediments. With planar oxygen optodes and 

the corresponding imaging system, the spatial and temporal O2 dynamics in 

bioturbated marine systems can now be investigated at a hitherto unreached level of 

resolution in the laboratory and even in situ by use of a recently developed 

underwater instrument for planar optodes (Glud et al. 2001; Wenzhöfer and Glud, 

2004). 
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Abstract 

We developed a new modular luminescence lifetime imaging system (MOLLI), that 

enables the imaging of luminescence lifetimes in the range of 1 µs to 1 s. The system 

can easily be adapted to different experimental applications. The central parts of the 

system are a recently released CCD-camera with a fast electronic shutter and gated 

LED (light emitting diode) or Xe excitation light sources. A personal computer 

controls the gating and image acquisition via a pulse delay generator. Here we 

present the new imaging system and give examples of its performance when used for 

measuring two-dimensional oxygen distributions with planar optodes. Furthermore, 

future applications of the system in biology are discussed.  

 



4. A modular luminescence lifetime imaging system 
 
 

 

89

4.1. Introduction 

Imaging of two-dimensional solute distributions with luminescent indicators has 

become an important tool in medicine, biology and physics. Most of the described 

image measuring systems and experimental setups were designed for specific 

applications like measurements of oxygen distribution in tissue [1–5], pH and Ca2+ 

distribution in cells [6,7], oxygen partial pressure on skin surfaces or oxygen flux into 

skin [8,9], oxygen distribution across the water-sediment interface [10] and in biofilms 

[11]. These setups were optimised for the corresponding experimental situation, but 

they lack versatility and many of them were e.g. confined to microscope setups [12–

17]. Furthermore, imaging systems for time and frequency-domain measurements 

often consist of complicated and rather bulky setups, using lasers as light sources, 

optical modulators, and sensitive slow scan CCD-cameras combined with fast 

gatable image intensifiers.  

New bright semiconductor light sources, light emitting diodes (LED), that emit in 

the blue and blue-green part of the spectrum, offer a much cheaper and simpler 

alternative for a fast modulated or gated light source as compared to lasers. 

Furthermore, a recently developed sensitive and fast gateable CCD-camera 

simplifies lifetime imaging as it allows fast gating directly on the photosensitive chip. 

The image is digitised in the camera, and can be read out with the camera control 

board. An additional frame grabber is thus obsolete. We combined these new 

technologies with a trigger controller and a personal computer (PC) to develop a 

modular imaging system, which can easily be adapted to various applications. Here 

we describe the new imaging system and show its performance in applications where 

two-dimensional O2 distributions are mapped via lifetime imaging of planar O2 

optodes. 
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4.2. Theory 

4.2.1. Oxygen sensing [2,6] 

The dynamic quenching of luminescence by oxygen [1,7–10,3,4,18,5,19–24,11] is 

the basis for the measurement of oxygen distributions in various systems. The 

applied sensors have a planar structure with the luminescent indicator embedded in a 

polymer matrix that is spread on a transparent support foil. The sensor area is 

imaged through an optical emission filter in the case of intensity images or directly in 

the case of lifetime images by lenses or imaging fibres coupled to a photosensitive 

CCD-chip of the camera. Each pixel on the CCD now monitors the light intensity 

either as the absolute luminescence light emission, or, with proper timing, a part of 

the luminescence decay curve.  

The oxygen optodes were calibrated with a two component model of the Stern–

Volmer equation [22]: 
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τ, I, Φ =decay time, intensity or measured phase angle in presence of oxygen, τ0, I0, 

Φ0 = decay time, intensity or measured phase angle in absence of oxygen, frac = 

fraction of quenchable luminophore, KSV = bimolecular quenching coefficient, [O2], 

oxygen concentration. 

 

 

4.2.2. Image detection 

Luminescence lifetime imaging has two major advantages over intensity based 

imaging. It allows a good contrast enhancement and background suppression of 

unwanted luminescence contributions in the image. If this background luminescence 

has a different decay time than the luminophore of interest it is possible to separate 

the two signals by lifetime imaging. Further, lifetime imaging does not depend on 

intensity variations due to photobleaching (if it does not take place faster than the 

image acquisition) or variable indicator concentrations, and calibration free sensing 

applications [5] are possible. Table 1 gives an overview of the different possible 

methods for lifetime imaging, their inherent advantages and disadvantages.  

The presented camera can not be modulated sinusoidally for frequency-domain 

evaluation, which has an advantage if images of different luminophores with similar 

lifetimes should be separated [25,13,14]. The phase delay rationing method by 

Hartmann et al. [8,9] is possible with the new camera. However, it is not suitable for 

our applications because there can be an enormous background luminescence in the 

natural systems investigated with the new imaging system.  
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Figure 4-1. Principle image acquisition timing scheme for luminescence lifetime 
imaging. The luminescence signal vs. time corresponds to the light signal 
that is detected by each pixel of the CCD-chip. The timing starts with 
excitation light ‘on’ and the camera shutter closed, the luminophore 
absorbs light and luminescence is emitted. Then the excitation light is 
switched ‘off’ and the camera shutter is opened with a possible delay. 

 

 

The new system, therefore, measures luminescence in the time-domain via a so 

called pulse-gate method [15,3–5]. Figure 4-1 shows the detection principle applied 

for each pixel. For excitation the light source is switched ‘on’ and illuminates the 

planar optode, the arriving luminescence intensity increases until an equilibrium 

between absorbed and emitted energy of the dye molecules is reached. Then the 

light source is switched ‘off’ and the camera shutter is opened allowing luminescence 

and ambient light to reach the CCD-chip. This is repeated for a number of times, 

while incident light during the shutter open time is integrated on the CCD-chip before 

being passed to the PC. This procedure is repeated a couple of times to average the 

images and improve the signal-to-noise-ratio. To evaluate the corresponding lifetime 

of the light information detected by each pixel, three sets of images are collected, 
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where each set is acquired with a different delay time ti relative to the switch ‘off’ of 

the excitation light source.  

The following image collection procedure is performed. Three sets of images (i= 1, 

2, 3) are collected (see Figure 4-2), while each image detection with a time interval ∆i 

has a certain delay ti compared to the excitation light ‘off’. To receive enough light 

intensity, each image represents the integral over a number, ni, of illumination events. 

The measured images Si are stored.  

The intensity of one image is given by: 

,
i

i
i n

SI =  i = 1, 2, 3      (2) 

 

 

 

Figure 4-2. Timing scheme for recording of images to evaluate the luminescence 
lifetime to generate lifetime images. All detected images have time 
windows of the same width D and integrate the intensity Ii of the decay 
curve. Each window has a different delay ti compared to the switch ‘off’ 
time of the excitation light. To collect enough light, this window ‘open’ 
operation for a certain delay ti is performed several hundred times and 
the light information is integrated on the CCD-chip. 
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This intensity is, assuming a mono exponential decay curve with the apparent lifetime 

τ, described by the following equation: 
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with the unknown intensity I0 at time t0 when the excitation light is switched ‘off’ (see 

Figure 4-2). Instead of fitting the Values Ii to I0 and τ we generate the new values: 
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If the image collection happens with the condition: 

.321 const=∆=∆=∆=∆       (6) 

the new values give the following relations: 
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Therefore the lifetime per pixel can be directly calculated with the known delay times 

ti : 
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This method is not limited compared to a general fit to all values Ii. The generation 

of each value Wi (Eqs. (7) and (8)) with subsequent fit (Eq. (9)) do not yield to a 

principal deviation from a general fit as long as Eq. (6) is valid. 

The calculation of the values (Eqs. (7) and (8)) has, by division of the average 

values, the smallest error accumulation and is numerically stable. A variation of the 
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timing window interval ∆, that is constant for all images, principally gives the 

opportunity to detect a non-limited number, n, of values to evaluate τ and, therefore, 

an error degression in the size of 1/√n. This can be an advantage in the case of very 

noisy signals. 

 

 

 

 

4.3. Experimental 

4.3.1. Planar optode 

The sensing layers for the comparison of luminescence intensity versus lifetime 

images were made of three different luminophores. The background or ‘noise’ layer 

was a commercial luminescent paint (Feuerrot, Conrad Electronics, Hirschau, 

Germany) with a luminescence decay time <1 ns. This paint was spread on a 

microscope slide. The layers that should be identified were made of two different 

oxygen indicators. One indicator was a Tris (4,7-diphenyl-1,10-phenantrolin)-

ruthenium(II) perchlorate [8,9,22–24], dissolved in an organically modified sol-gel 

(ormosil) with dispersed titanium dioxide scattering particles. The other example was 

a platinum-octaethyl-porphyrine (Porphyrin Products, Utah, USA), dissolved in 

polystyrene that also can be used for oxygen determination. Both oxygen indicators 

were spread on microscope slides. For the oxygen measurement the ruthenium 

based sensor was knife-coated on a polyester foil that was cut to a size of 28x40 

mm2 to fit into the test setup. 
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4.2.1. Imaging system and application 

The imaging system (Figure 4-3) consists of an electrically cooled CCD-camera 

(SensiMod, PCO Computer Optics, Kehlheim, Germany) with a direct fast 

electronical shutter feature, due to a new and fast charge carrier transport from the 

light detection cell to the shift register, where the electrons can be accumulated until 

the picture frame is read out. Additionally, the camera has a special modulation input 

to control directly the fast shutter (ton=500 ns and toff=500 ns, maximum frequency=1 

MHz). The camera (dynamic range=12 Bit, resolution=640x480 pixel) is connected 

via a serial fibre-optical link to a camera control PCI-board in a Pentium based PC. 

The PC controls image acquisition, storage, display and the timing. For the precise 

timing of the excitation light source switching and image acquisition, the PC is 

connected via a GPIB interface to a delay pulse generator (DG535, SRS Stanford 

Research Systems, Sunnyvale, USA). Timing control und primary image acquisition 

was programmed in C (Watcom C/C++10 Compiler, Sybase, Emeryville, USA), while 

the image calculations and visualisation were programmed in a special software 

language made for the handling of large amounts of data (IDL 5.0, Research 

Systems, Boulder, USA). 

For the experimental applications, the camera was equipped with a macro lens 

(Tevidon, F1.6/f=35 mm, PCO) that imaged an area of 28x40 mm2 onto the CCD-

chip. This corresponds to a theoretical resolution of 50 µm pixel-1. Two different light 

sources were applied for illumination, respectively excitation of the planar optodes. 

For lifetimes >6 µs and luminophores with very low quantum efficiency, a Xenon flash 

lamp with adjustable output power and a maximum repetition rate of 30 Hz (A0021F, 

Oxygen Enterprises, Philadelphia, USA) was connected to a fibre-optical ring light, 

that was specially designed for the applications, i.e. a homogenous illumination of a 
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circle of 50 mm diameter in a distance of 50 mm (Schölly Fiberoptic, Denzlingen, 

Germany). 

The second light source was developed for lifetime measurements from 100 ns 

upward and consists of up to 12 light emitting diodes (λ=470 nm, BP280CWPB1K, 

DCL Components, Hungerford, UK), that are coupled into the same fibreoptical ring 

light. To enable fast switching of the LEDs, a special driving circuit with adjustable 

current was designed. The camera and the ring light were fixed in a special light tight 

housing, that can easily be applied to a vertically mounted sensing layer. 

 

 

 

Figure 4-3. Schematic overview of the modular luminescence lifetime imaging 
system. The imaging system consists of a fast gateable CCD-camera, 
SensiMod, a Pentium based PC, and a trigger control unit, trigcon. The 
application oriented part consists of the imaging object, planar optode, 
the excitation light source, ex-light, an optional light guide (lg) to transport 
the light to the imaging object, if necessary, optical filters (of). The 
emitted luminescence (em) reaches the camera via a lens. 
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Figure 4-4. Schematic drawing of the experimental setup for demonstrating the 
background suppression feature of luminescence lifetime imaging. The 
excitation light is coupled via fibre-optical ring light onto two different 
luminescent layers on microscope slides. The emission passes through 
the hole of the ring light, an emission filter (for the intensity images) and 
the lens to the CCD-camera. 

 

 

 

 

Figure 4-5. Schematic drawing of the experimental setup for the oxygen mapping 
with planar optodes. A thermo stated (not shown) test chamber with six 
perfusion channels was perfused separately by water with defined levels 
of dissolved oxygen (ox1–ox6). Towards the camera, the channel test 
chamber is closed with the planar optode pressed by a plastic window 
onto these channels. The chamber has a size of about 35x50 mm2 to 
accept planar optodes of 28x40 mm2. The excitation light again is 
coupled into a fibre-optical ring light as in Figure 4-4. 
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4.2.2. Experimental setups 

For testing the luminescence background suppression, microscope slides were 

mounted in front of the camera setup (Figure 4-4). The first strongly luminescent 

layer was the slide with the commercial paint, followed by the slides with the two 

different oxygen indicators. To be able to compare the situations, the optical emission 

filter was kept at its position in front of the camera. The images were recorded with 

different timing between excitation light and camera.  

For oxygen mapping, a special multi channel setup was designed with six different 

flow channels, that were connected to a peristaltic pump. Water with different oxygen 

concentrations can be guided through these channels, while the whole system is 

surrounded by a thermo stating housing to keep the temperature constant. The 

planar optodes were pressed by a plastic window onto these channels and an outer 

o-ring (Figure 4-5). Therefore, the system was closed towards the camera. Water 

was pumped from water bottles immersed in water with the same temperature as the 

test setup. The test water in the bottles was constantly flushed with nitrogen (Figure 

4-5, ox4), oxygen (Figure 4-5, ox2) and room air (Figure 4-5, ox1, ox3), and while 

channels 5 and 6 were filled with tap water and closed. In the results channel 5 

(Figure 4-5, ox5) cannot be seen because it was out of the camera field of view, 

which was adjusted for 50 µm pixel-1 resolution. Images were taken at 2 pixel vertical 

and horizontal binning, so the spatial image resolution was reduced to 100 µm pixel-1.  
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4.4. Results and discussion 

Figure 4-6 shows the advantage of luminescence lifetime imaging in general. The 

pure intensity images (Figure 4-6a, c) show a nearly constant grey distribution 

emphasising that the background luminescence is larger then the signal. Additionally, 

a lot of in-homogeneities can be seen (dark and white dots in Figure 4-6a, c), that are 

due to the applied spreading procedure of the luminescence paint and some dirt on 

the microscope slide. When now the images are delayed by a certain time, td, the 

fluorescence of the paint is decayed while the two stripes forming a ‘X’ of the  

 

 

 

Figure 4-6. Images of the background suppression tests, (a) and (c) are 
luminescence intensity images and (b) and (d) are delayed, decay curve 
proportional images. Layer 1 was for all cases a microscope slide with a 
fluorescent paint and layer 2 was in the upper case, a letter ‘X’ made of a 
ruthenium oxygen indicator (see text) with a decay time of 2.8 µs and in 
the lower case, a letter ‘M’ made of a porphyrine oxygen indicator with a 
decay time of ≈30 µs. The time delay of (b) was 1 µs and the delay of (d) 
was 4 µs. 
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ruthenium indicator (Figure 4-6b) as well as the drawn ‘M’ of the porphyrine 

compound (Figure 4-6d) clearly can be detected. 

The ruthenium based optode had a decay time at room air of about 2.8 µs, 

therefore, the delay of the image in Figure 4-6b was td=1 µs. The drawn ‘M’ with the 

porphyrine had a decay time of ≈30 µs, but the image taken with a delay time td=4 µs 

(Figure 4-6d) is not as high in contrast as the ‘X’. This is due to the fact that the 

porphyrine has a lower quantum efficiency, a higher quenching coefficient compared 

to the ruthenium, and the sensing layer did not contain any additional scattering 

particles. 

The results with the oxygen mapping setup clearly demonstrated that the test 

chamber needs further improvement (Figure 4-7a to c). The images show no sharp 

channel structure. Obviously, oxygen diffused from the 100% channel (Figure 4-5 

ox2, the black one in Figure 4-7a and b, the white one in Figure 4-7c) into 

neighbouring channels (flow direction in Figure 4-7 was from the left to the right), 

while the channel with zero oxygen (Figure 4-5 ox4, the white one in Figure 4-7a and 

b, the black one in Figure 4-7c) received oxygen from the channels above and below 

(Figure 4-5 ox3, ox6), respectively. Nevertheless, the lifetimes in the middle of the 

channels were in the same range as determined with single point measurements 

based on a phase modulation technique (i.e. τ0=4.8+0.05 µs, τ20=3.2+90.05 µs, 

τ100=2.1+0.05 ms for oxygen saturation of 0, 20, 100%, respectively). 

Figure 4-7 shows the luminescence intensity image with all associated 

imperfections, like texture within the sensing foil due to the knife coating process and 

the fast and difficult to control evaporation of the solvent of the ormosil. Additionally, 

some shadows can be seen, that are caused by water between the transparent  
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Figure 4-7. Images with the oxygen mapping setup. Image (a) is an luminescence 
intensity image of the planar optode in the test setup with a certain 
texture of the sensing foil and some shadows due to an additional liquid 
layer in the setup between polyester support foil and terminating window. 
Image (b) is a luminescence lifetime picture evaluated by the described 
timing and calculation scheme, and image [c] is the corresponding 
oxygen image, that demonstrates the unwanted diffusion between each 
perfusion channel of the test chamber (see Figure 4-5). 
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window and the polyester support foil of the optode. Both phenomena are gone in the 

lifetime image (Figure 4-7b), and the converted image of oxygen values (Figure 

4-7c), which represents an inversion of Figure 4-7b because now the location of the 

most oxygen is white and the absence is black. The lifetime image was calculated 

both with a set of three delayed images and with four delayed images with a window 

at a width of ∆=2 ms and delay times of t1=500 ns, t2=1 µs, t3=2 µs and t4=3 µs, 

respectively. Additionally, a background blank image was subtracted with the same 

time window but with lights ‘off’, because the CCD-chip has a specific locally fixed 

noise distribution. Both fitting calculations resulted in the same lifetime distribution. 

This indicates the stability of the fitting procedure as well as the quality of the 

information gained within the images. A 2 pixel vertical and horizontal binning was 

used for the oxygen mapping to increase the absolute signal range. We also took 

images without binning at full spatial resolution of 50 µm pixel-1. Here the calculations 

gave the same lifetimes but resulted in higher noise levels. The correspondence 

between the spatial image resolution per pixel, given by the camera chip and the 

lenses (either 50 or 100 µm pixel-1 in the demonstrated results), and the possible 

measuring resolution of the planar optodes has to be further investigated with specific 

test setups. This is necessary because of possible oxygen diffusion processes 

parallel to the optode surface, which could smear the spatial information. 

 

 

 

 

4.5. Conclusion 

A modular lifetime imaging system (MOLLI) based on a new, fast gateable CCD-

camera was developed. This camera reduces the amount of equipment needed for 
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lifetime imaging systems and allows for an easy adaptation of the imaging system to 

different applications like optode based oxygen mapping in sediments and biofilms, 

around cells and aggregates. Although the test setup for application of defined 

oxygen concentrations to the planar oxygen optodes was not optimum, the imaging 

system demonstrated the advantages of luminescence lifetime imaging in 

background signal suppression and less noise sensitive signal readout of planar 

optodes. This combined with the possibility of the measurement of two-dimensional 

distributions of solutes at high spatial resolutions instead of single profiles with 

microsensors the new system is a powerful tool for the investigation of natural 

biological systems. 
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Abstract 

Planar optodes were used to investigate 2-dimensional O2 dynamics in burrow 

systems inhabited by Hediste diversicolor. Natural burrows often deviated from the 

classic U-shape and changed over time. This complicated quantitative assessment 

of the O2 dynamics of the burrow. Therefore, we established a stable U-shaped 

burrow surrounded by agar-solidified sediment. Visual inspection and measured 

ventilation patterns indicated similar behavior of polychaetes in natural and 

artificial systems. The volume specific O2 consumption, RP, along the primary 

interface in the two systems were identical. Planar optode and microelectrode 

measurements gave similar results along the primary sediment-water interface. 

The radial diffusion of O2 around a burrow was disturbed by the presence of the 

planar optode directly attached to the burrow wall causing an enhanced oxygen 

penetration depth compared to the undisturbed system. With the known geometry 

of the burrow system the effect could be corrected. Microbial colonization along 

the burrow lining increased the volume specific O2 consumption, RB, from 3.8+0.5 

to 13.7+2.1 mol m-3 d-1 within two days reflecting that the burrow lining of H. 

diversicolor acts as a zone of intensified diagenetic activity. Extrapolated to natural 

densities in coastal sediments (600 m-2) our findings indicate that 88% of the 

benthic O2 uptake is associated to worm burrows and that the major fraction 

hereof (66%) is related to microbial activity in the burrow lining, while 22% can be 

ascribed to fauna respiration.   
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5.1. Introduction 

Macrofauna is important for mass transfer and mineralization of organic matter in 

marine sediments (Aller 1988, Kristensen 2000). Bioturbation translocates organic 

matter between oxic and anoxic reaction zones, and enhances the area of the 

sediment-water interface by forming ventilated burrows and funnels (Yingst and 

Rhoads 1980, Aller 1982). Bioirrigation of burrows with oxic water enhances the 

sediment volume exposed to oxygen and leads to a constantly changing complex 

3-dimensional pattern of oxic and anoxic environments in surface sediments 

(Fenchel 1996, Forster 1996, Kristensen 2000, Aller 2001, Wenzhöfer & Glud 

2004). However, the burrow lining does not just represent an extension of the 

primary sediment-water interface, but is also a niche for microbial activity with it’s 

own physical, chemical and biological microenvironment linked to the animal 

behavior (Aller 2001, Hulth et al. 2002, Hannides et al. 2005, Stahl et al. 2006, Zhu 

et al. 2006). 

Hediste diversicolor (O.F. Müller) is a common and abundant polychaete in 

temperate coastal and estuarine sediments (Miron & Kristensen 1993, Riisgaard et 

al. 1996, Hansen and Kristensen 1997). Densities vary between 300-6000 ind. m-

2, with population maxima dominated by juvenile specimens during spring, but with 

fewer and larger specimens in autumn and winter (Henriksen et al. 1983, 

Kristensen 1988, Rysgaard et al. 1995, Riisgaard et al. 1996). Typical population 

densities in muddy, shallow sediments are around 600 m-2 (Banta et al. 1999, 

Christensen et al. 2000). Hediste diversicolor is generally anticipated to live in 

more- or less U-shaped burrows extending about 2-8 cm into the sediment. By 

undulating body movements they can irrigate the burrow with oxic water containing 

food particles that are caught in an excreted mucus web and consumed (Riisgaard 

1991). However, suspension feeding can be supplemented with active foraging on 
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the sediment surface (Thede 1973, Vedel 1998, Christensen et al. 2000). Mass 

balances and incubation measurements have shown that the burrow of H. 

diversicolor can get anoxic over shorter or longer time intervals during resting 

periods of the polychaete (Wells and Dales 1951, Thede et al. 1973, Kristensen 

1983a). Respiration and ventilation patterns of H. diversicolor have been studied 

on specimens placed in plastic tubes mimicking a defined burrow system 

(Kristensen 1983a, Nielsen et al. 1995), but extrapolation to in situ activities is 

problematic (Kristensen, 1983b) and associated O2 dynamics in the burrow are 

poorly represented. Furthermore, more complex borrow systems with blind ends 

and additional galleys may evolve in natural systems (Davey 1994). 

Bioturbation in sediments has been visualized by applying inverted periscopes 

equipped with camera systems (Rhoads and Germano 1982, Nilsson and 

Rosenberg 2000), resin casts, and CT or x-ray imaging of burrow systems (Davey 

1994, Furukawa et al. 2001, Rosenberg et al. 2007). Also, a number of models 

describing solute dynamics and mineralization in bioturbated sediments have been 

proposed (e.g. Aller 1982, 2001, Furukawa et al. 2001). However, experimental 

verification of models and detailed quantitative studies on the biogeochemical 

importance of the secondary interfaces have been hampered by a lack of 

techniques, that can resolve the pronounced spatial and temporal heterogeneity in 

burrow systems. Microsensors have been used to map the oxic zone around 

burrows (e.g. Fenchel 1996), but in practice such measurements are limited to a 

few point measurements and essentially represent a one-dimensional approach 

for describing the O2 distribution in burrows with variable O2 concentrations. 

Consequently, the extrapolation of a few microsensor data to the complex nature 

of the O2 dynamics around burrows is difficult. Recently, planar optode based O2 

imaging approaches have allowed a more detailed insight in the O2 dynamics of 
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natural burrow systems (Wenzhöfer and Glud 2004, Polerecky et al. 2006, 

Timmerman et al. 2006). 

Natural burrow systems are difficult to exploit as their detailed geometry may 

not always be approached by a simple geometric form (Polerecky et al. 2006). In 

this study we present an easy method to construct artificial burrow systems with a 

known geometry in stabilized sediments. By concerted application of planar 

optodes and flow-thermistors we studied the irrigation behavior in natural and 

artificial burrow systems of H. diversicolor and evaluated the associated O2 

dynamics. The measurements allowed us to establish a detailed budget for the O2 

consuming processes in the burrow. 

 

 

 

 

5.2. Materials and methods 

5.2.1. Sampling 

Small specimens (0.08-0.15 g w/w) of Hediste diversicolor were collected during 

April-June in Helsingør Harbor, Denmark. The water depth at the sampling site 

was ~0.5 m, the temperature 10-15ºC, and the salinity S=26. Due to extensive 

mixing, the surface sediment showed no clear depth dependence in porosity or 

total organic carbon (TOC) (Fenchel 1996). The average porosity for the upper 5 

cm amounted to 0.9±0.1 vol/vol (n=28) and the TOC content was 0.7±0.3% dw 

(n=25). 

After sampling, the polychaetes were kept in an aquarium with sieved and 

homogenized sediment devoid of any other macrofauna. The aquarium was 

continuously flushed by flow-through system of sea water (~15ºC and S=30). 
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During storage, acclimation, and experiments, H. diversicolor was fed every 

second day with aliquots from a dense culture of microalgae (Rhodomonas sp.). 

The specimens were on average kept for 3 weeks prior to any experiments. 

 

 

5.2.2. Experimental setup 

Experiments were conducted with individual specimens transferred to a narrow 

glass aquarium (Depth=38 mm, width=4mm, length=100 mm) equipped with 

planar optodes along one of the two large windows. The light dark cycle (12:12 h) 

from the pre-incubation was maintained. During acclimatization, the aquaria sides 

were covered with black plastic to eliminate microalgal growth on the semi-

transparent planar optode inserted in the sediment. The experimental aquarium 

was partially filled with either sediment or an agar-mud mixture (see below) (Fig. 

1). The planar optode was positioned so that it was covered by sediment and only 

the upper 3 mm of the optode extended into the water. A steady flow (0.1 cm s-1) 

of aerated water (100% air saturation) through the aquarium was maintained by 

connecting the experimental aquarium to a re-circulating water pump immersed in 

a 5 l reservoir of constantly aerated seawater. The water pump was equipped with 

a three-way connector, which allowed for re-circulation of a constant water volume 

(~18 ml) through the sealed chamber to quantify the total benthic oxygen uptake 

(see below). The average flow velocity through the chamber was determined by 

collecting the water passing the chamber in a defined time interval and measuring 

the cross-sectional area of the water column above the sediment. The animals 

were allowed to acclimatize to the experimental condition for 2 days prior to any 

measurements. 
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For the set-up with naturally formed burrows the experimental aquarium was 

filled with sieved sediment (Fig. 1). Individual polychaetes were transferred to the 

experimental aquaria; they immediately dug into the sediment and created a 

natural burrow system. A series of 10 aquaria was established, but in most cases 

the animals established their burrow systems at some distance form the planar 

optode and these chambers were discarded. In 3 instances burrows formed along  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-1.  Schematic drawing of experimental setup. A planar O2 optode 

consisting of a 120 µm thick transparent supporting foil, L1, and a ~10 
µm thick semi-transparent oxygen sensitive layer was immobilized on 
the inside of a narrow aquarium (38 x 4 x 100 mm) containing ~15 ml 
sediment and 4.5 ml seawater. The aquarium was flushed with aerated 
seawater from a reservoir via circulation pump. Blue LED’s (430-470 
nm; Nichia Corp., Japan) connected to a fiber-optic ring light excited 
the luminescent oxygen indicator in the foil. The distribution of 
luminescence intensity and lifetime over the foil was recorded with a 
sensitive fast gate-able CCD camera (PCO Sensimod, PCO GmbH, 
Kelheim, Germany) equipped with a 35 mm macro lens (Tevidon, 
F1.6) and a 610 nm long-pass filter. A PC controlled the modulation of 
excitation LED’s and the camera image acquisition via custom made 
software (see Holst et al. 1998 and Holst and Grunwald 2001 for more 
details on the luminescence lifetime measuring system and calibration 
procedures). 
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the planar optode equipped aquarium wall. All three were used for O2 imaging and 

qualitative observations, but only one aquarium was used for TOU measurements. 

Geometrically well-defined artificial burrow systems were constructed by placing 

a PVC-tubing (outer diameter 2 mm) in a U-shape and along the aquarium wall 

covered with a planar optode. A mixture of fluid 40-45 ºC warm, 3% w/w agar 

based on 30 ‰ seawater and homogenized sediment was filled into the aquaria. 

After cooling and solidification of the sediment-agar mixture, the tubing was 

carefully removed leaving a well-defined artificial burrow along the planar optode. 

The final porosity of the sediment-agar mixture was 0.9 vol/vol. The chamber was 

carefully rinsed with seawater and connected to the flow through system as 

described above. After addition, polychaetes immediately occupied the artificial 

burrow. Here they were allowed to acclimatize for half a day before any 

measurements. A series of 5 aquaria were established and 4 aquaria were 

selected for the experiments described below. However, long-term experiments 

and TOU measurements were only performed in one aquarium. 

 

 

5.2.3. Flow measurements 

The irrigation activities of H. diversicolor were monitored by a custom-made flow-

thermistor system (LaBarbera and Vogel 1976). The flow meter measures the 

temperature change at the sensor tip due to the water flow, which is independent 

of the current direction (La Barbera and Vogel 1976). Calibration measurements 

were performed under experimental conditions. The sensor tip was mounted in the 

center of the experiment chamber a few millimeter above the sediment surface. 

The water flow through the aquarium was step wise increased and the flow rate 

was determined by collecting the water passing through the aquarium during a 
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defined time interval. The corresponding current of the flow-meter was recorded 

and a calibration curve was established. The sensor signal increased 

logarithmically with flow in the range of 0.1 to 10 cm s-1. 

 

 

5.2.4. Oxygen microsensor measurements 

Oxygen concentration microprofiles across the primary sediment-water interface 

were measured with Clark-type oxygen microelectrodes (tip diameters <20 µm, t90 

response time <1 s, stirring sensitivity <1%) (Revsbech 1989, Glud et al. 2000). 

Microelectrodes were mounted in a manual micromanipulator (Märtzhäuser, 

Wetzlar, Germany) and were vertically inserted into the sediment of the 

experimental aquarium in increments of 25 µm. The sensor signals in each depth 

horizon were recorded on a strip-chart recorder and were later linearly calibrated 

against microsensor signals obtained at anoxia and at 100% air-saturation. 

The O2 microelectrodes were also used to measure the total oxygen uptake 

(TOU). Here the microelectrode tip was positioned in the overlying water, while the 

water pump was switched to a re-circulating mode channeling water through the 

sealed chamber (see above). Thereby, the same flow regime could be maintained 

during microprofile and TOU measurements. Oxygen was never allowed to 

decrease more than 20% from the initial oxygen level, and control experiments 

showed an insignificant oxygen consumption in the circulating water or in biofilms 

establishing on surfaces of the incubation system. In parallel to the incubations, 

the two-dimensional distribution of O2 above and within the sediment was imaged 

by the planar optode set-up (see below). 
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5.2.5. Two-dimensional mapping of oxygen 

Planar O2 optodes were used to map the two-dimensional O2 distribution around 

H. diversicolor burrows. The optodes consisted of a thin semi-transparent layer of 

an oxygen sensitive dye (Ru(II)-tris-4,7-diphenyl–1,10-phenantroline perchlorate) 

immobilized together with light scattering TiO2 particles in a matrix of organically 

modified sol-gel on top of a transparent 120 µm thick supporting foil (Mylar, 

Goodfellow) (König et al. 2005). The t90 response time of the sensor foils was <2 s, 

and the foils had a homogeneous response to oxygen over several cm2. More 

details about construction, characterization, and calibration of the semi transparent 

sensor foils are presented elsewhere (König et al. 2005). 

The optical measuring principle used with O2 optodes is based on the dynamic 

luminescence quenching of the ruthenium dye by oxygen (Stern and Volmer 1919, 

Kautsky 1938). The quenching affects the luminescence decay time, τ, of the 

immobilized indicator dye. The dependency on the oxygen concentration, c, can 

be described by a modified Stern-Volmer equation (Carraway et al. 1991): 

⎥
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where KSV is the sensor specific quenching efficiency of the immobilized dye, α 

(here 0.95) is the quenchable fraction of the luminescence, τ0 is the luminescence 

decay time at zero oxygen and τc denotes luminescence decay time at a given 

oxygen concentration, c. 

The distribution of the oxygen dependent luminescence from the planar optode 

was recorded by a luminescence lifetime imaging system described in detail by 

Holst et al. (1998, 1999). The system allows the calculation of a 24 bit floating 

point number image of the luminescence decay time from a set of two (or three) 

background corrected 12 bit images of the luminescence recorded at two (or 
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three) different times relative to the eclipse of the blue LED excitation source. The 

calculation assumes a mono-exponential decay of the luminescence over time and 

was done with custom routines written in IDL 5.2 (Research Systems Inc., 

Boulder, USA). Decay time images were then converted to images of oxygen 

distribution by help of the calibration images and Eq. 1 (more details in Holst and 

Grunwald 2001). 

In the present study, the optical system was adjusted to cover an area of 2.5x3 

cm, yielding a pixel resolution of ~50 µm (640x480 pixels per picture). Prior to the 

introduction of sediment, a two-point pixel by pixel calibration of the immobilized 

sensor foil inside the experimental aquarium was performed at the experimental 

salinity and temperature by flushing sea water in the aquarium with air and N2, 

respectively. Marker points on the planar optode and the flow chamber allowed re-

alignment of acquired images in case slight shifts occurred during the 

experiments. The semi-transparent planar optode allowed us to record images of 

the sediment surface and the burrow structure position by recording normal 

intensity images, while applying intense white light from a fiber-optic halogen lamp 

(KL1500, Schott, Germany) towards the sediment-foil interface. 

 

 

5.2.6. Calculations 

Assuming zero-order kinetics, the volume specific O2 consumption at the sediment 

surface, RP, (in units of mol O2 m-3 d-1) was calculated from averaged (n=30) 

vertical microprofiles extracted from steady-state O2 images according to Bouldin 

(1968) 

RP = 2c0Ds/(z0 - zB)        (2) 
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where c0 is the O2 concentration at the depth (z0) having the steepest 

concentration slope below the sediment surface, Ds is the tortuosity, temperature, 

and salinity corrected diffusion coefficient for O2 in the sediment (Ullman and Aller 

1982, Broecker and Peng 1976, Li and Gregory 1974), and zB is the depth where 

the O2 concentration reaches zero. The depth of the steepest slope (z0) was 

determined from polynomial fits to the extracted O2 profiles as the tangential 

turning point. 

The volume specific O2 consumption around the burrow, RB can be 

approximated by: δc/δt = Ds(δ2c/δx2 + δ2c/δy2 + δ2c/δz2) where c denotes the O2 

concentration at a given time, t. Provided that the gradients along the directions of 

z and y (vertically, and perpendicular to the aquarium wall, respectively) can be 

ignored, the equation simplifies to (Polerecky et al. 2005, Franke et al. 2006, 

Polerecky et al. 2006): 

RB ≈ Dsδ2c/δx2 - δc/δt      (3) 

The concentration change over time (�c/�t) at the point of the steepest 

concentration slope in the sediment was determined from the series of calibrated 

images. The diffusion term (Dsδ2c/δx2) was determined by applying the second 

deviation of the polynomial fit to the horizontal profile across the burrow. 

Knowing the volume specific O2 consumption, RB, the rate of the oxygen uptake 

(OUB in µmol d-1) across the sediment burrow surface can be calculated as 

OUB = RB * Voxic       (4) 

where Voxic is the volume of oxygenated sediment. To account for the conditions at 

the burrow inlet and outlet, the total OUB is approximated as the average of OUBin 

and OUBout. The oxygenated sediment volume, Voxic, can be written as the product 

of the cross-section area of the oxygenated sediment, Aoxic, and the length, Z: Voxic 

= ZAoxic . 
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Our planar optode measurements have some inherent geometric constraints 

affecting the measured solute distribution, as illustrated in Fig. 2. In an undisturbed 

burrow system, O2 will diffuse radially away form the burrow, oxygenating the area 

B (with radius rB). With the planar optode directly attached to the burrow wall (Fig. 

2) the area M is discarded. The impact on the oxic zone can be approximated by 

adding the missing sediment area, M’, to the oxic sediment, B. Hereby the planar 

optode detects an enhanced oxygen penetration depth LB compared to rB 

(Frederiksen & Glud 2006). Thus Aoxic can be approximated as (Polerecky et al. 

2006): 

Aoxic = B + M – πr2 = (r + d)LB - πr2 + ((r + d)2 + LB
2)(π - arctan(LB/(r + d)))   (5) 

where r represents the burrow radius (Fig. 2) and d is the distance between the 

planar optode and burrow wall. 

The total oxygen uptake (in µmol O2 d-1) within the experimental aquaria was 

calculated from the O2 concentration depletion rate, d, after sealing the aquarium 

and the total volume of re-circulating water, V, as TOU = d x V. 

 

 

 

 

 

 

 

 
Figure 5-2. Schematic drawing of the horizontal cross section of a cylindrical 

burrow with radius r. The burrow wall touches the planar optode, thus 
deforming the radial diffusion geometry. The area (M) is leveled by an 
enhanced O2 penetration into the sediment and the planar optode 
derived O2 penetration depth (LB). 
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5.3. Results 

Naturally formed burrows - Initially, the oxygen distribution was measured around 

H. diversicolor burrows as they evolved in natural sediment. In general the burrow 

structures remained relatively stable for 3 to 6 days, but the sediment surface was 

continuously reworked due to deposit feeding of polychaetes extending out of their 

burrows. The burrow structure was often irregular and poorly defined and 

additional galleries and cross-connections between burrow tubes were observed 

(not shown) Fig. 3A is a representative image from a series of experiments 

performed with a specimen of 0.15 g (w/w). Along with the fact that natural 

burrows extended into the centre of the experimental aquaria, away from the 

planar optode, the sediment reworking complicated any quantitative assessment 

of the O2 consumption of the burrow. 

 

 

 
Figure 5-3. Oxygen images recorded along a burrow established in natural 

sediment (A) and a agar-solidified U-shaped burrow (B) inhabited by 
two specimens of H. diversicolor of 0.15 g and 0.18 g wet-weight, 
respectively. The O2 concentration [µmol l-1] is expressed on a 8-bit 
color scale. Dashed lines outline the primary sediment surface and the 
secondary burrow-sediment interface. Lines in panel B indicate the 
position of extracted horizontal (see Fig. 4) and vertical (see Fig. 6) O2 
profiles. 
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TABLE 1. Oxygen budgets for a burrow system of Hediste diversicolor in natural 
and artificial sediment. For the artificial sediment O2 budgets at 3 
different times are provided. 

 
Artificial system  Symbol [unit] Definition Natural 

system t=0 
(n=6) 

22.5 h 
(n=10) 

43 h 
(n=10) 

 Irrigation activity (% during 60 
min) 

60 + 6    
(n=2)  

61  60 + 7    
(n=3) 

62 + 10 
(n=3) 

[ml min-1] Average ventilation rate 5.4 + 2.90 4.5 + 1.4 6.9 + 2.0 8.5 + 1.7 

Wt w [g] H. diversicolor wet weight  0.15 0.18 0.18 0.18 

 sediment-water (primary) 
interface 

    

RP             
[mmol m-3 d-1] 

Volume specific O2 
consumption 

6.1 + 2.4 6.1 + 1.9 6.8 + 1.9 6.8 + 2.6 

DOEP         
[mmol m-2 d-1]  

Diffusive O2 exchange 9.2 ± 1.8 (5.2 + 
1.3) 

(7.4 + 0.8) (7.1 + 2.2)

LP [mm]  Vertical O2 penetration depth 1.5 - 4.5 0.9 + 0.2 1.1 + 0.1 1.1 + 0.3 

AP [cm2] Area of primary sediment 
surface 

1.52 1.52 1.52 1.52 

OUP [µmol d-1] Total O2 uptake of the 
sediment surface 

1.4 + 0.2 0.8 + 0.2 1.1 + 0.1 1.1 + 0.3 

 burrow inlet     

RB,in             
[mmol m-3 d-1] 

Volume specific O2 
consumption  

- 3.8 + 0.5 5.67+ 2.0 13.7 + 2.1 

LB,in [mm] Radial O2 penetration depth  1.0 – 4.0 1.7 + 0.2 - - 

OUBin         
[µmol d-1] 

O2 uptake around the burrow - 3.0 + 1.7 - - 

RB* OUB* / V*oxic - - 26.5 + 7.2 32.4 + 
10.2 

OUB* TOU-Wcalc-OUP 7.4 + 3.2 - 25.0 + 0.1 32.4 + 7.1 

OUB [µmol d-1]  Total O2 uptake around the 
burrow = OUBin + OUBout  

- 4.9 + 2.8 - - 

Wcalc [µmol d-1] O2 consumption rate of H. 
diversicolor as calculated 
from wet weight (see Banta et 
al. 1999) 

13.2 15.4 15.4 15.4 

TOU [µmol d-1] Total O2 uptake 21.6 ± 3.2 
(n=2) 

- 41.5 (n=1) 48.9 + 7.1  
(n=3) 
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Generally the irrigation patterns reflected a continuous ventilation rate of 

5.4±2.9 ml min-1 occasionally interrupted by brief resting periods. Non-filter 

feeding activity (Kristensen 2000) was characterized by intermittent ventilation, 

interrupted by periods of rest in unrhythmic fashion (Fig. 4A and 5A). The burrows 

were irrigated during 60% of the observation time (Table 1). Parallel to the 

measurements of the ventilation rate, O2 images were recorded at time intervals 

of 2, 5, and 15 min for up to 12 hour periods. The data showed a clear positive 

correlation between irrigation activity and O2 levels within the burrows and the 

burrow walls (data not shown). 

The oxygen distribution along the constantly changing primary sediment-water 

interface was highly variable (Fig. 3A) and the oxygen penetration depth varied 

from 1.0 to 1.5 mm, with an exceptional value of 4.5 mm (Fig. 3A right side). In the 

latter case, the sediment was removed by H. diversicolor during foraging from the 

plane of the planar optode. The volume specific O2 consumption (RP) was also 

variable but on average amounted to 6.1±2.4 mmol O2 m-3 d-1 (n=30 vertical 

profiles). Taking the surface area of the primary interface (1.52 cm2) into account, 

these rates transfer into a daily O2 uptake of the sediment surface (OUP) of 

1.0±0.3 µmol O2 d-1 (Table 1). The measured daily total oxygen uptake (TOU) was 

21.6±3.2 µmol O2 d-1 (n=2, Tab. 1). The difference between TOU and OUP 

(20.6±3.0 µmol O2 d-1) is ascribed to the burrow uptake and the respiration of H. 

diversicolor, and was equivalent to 95% of TOU. The oxygen respiration of 

individual H. diversicolor specimen, Wcalc, could be calculated from their wet 

weight using empirical formula (Banta et al. 1999, Nielsen et al. 1995) and the total 

daily O2 uptake across the burrow wall, OUB*, was estimated as OUB* = (TOU - 

OUP) – Wcalc (Table 1). The O2 consumption by H. diversicolor and the burrow wall 

amounted to 61% and 34% of the total daily oxygen consumption, respectively. As 
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the burrow geometry (and thus the burrow area) was poorly defined it was difficult 

to compare the volume specific O2 consumption rate along the burrow lining to that 

of the primary interface. In general the irregular shape of the natural burrows 

extending away from the plane of the O2 images confounded any detailed 

quantitative investigations of the O2 dynamic of the burrow. 

Artificial burrows – Specimens added to chambers containing agar-solidified 

sediment quickly established them self in the confined U-shaped borrows. The 

well-defined system reflected a gradual O2 depletion in the water passing through 

the burrow reaching a minimal O2 concentration of 55 µM in the lumen of the outlet  

 

 

Figure 5-4.  (A) Burrow ventilation rate as a function of time measured just above 
the burrow inlet. The image in Fig. 3B was acquired at the 4th mark ( ) 
in panel A. The extracted horizontal O2 concentration profiles (as 
indicated in Fig 3B) of the inlet and outlet of the burrow are presented 
in panel B. The variation of oxygen concentration in the burrow inlet 
(solid lines) and outlet (dashed lines) in selected pixel extracted from 
image series are provided in panel C. Numbers on curves refer to 
pixels indicated in Fig. 3B and 4B. 
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 (Fig. 3B and 4C). The radial O2 distribution reflected the outline of the artificial 

burrow (Fig. 3B). The O2 penetration depth of the inlet and outlet amounted to 

1.7±0.2 and 1.5±0.3 mm, respectively. Initially (0–1 hours) the burrow was 

ventilated 61% of the observation time with an average ventilation rate of 4.5±1.4 

ml min-1 (Table 1). The irregular ventilation pattern with ventilation strokes of 

various size and length suggested non-filter feeding (Fig. 4A). As for the natural 

burrows, the oxygen concentration of the burrow lumen correlated with the 

irrigation activity of H. diversicolor (Fig. 4A and C). The dynamic was reflected by 

the variations in averaged horizontal burrow-profiles (n=30) and selected image 

points in the lumen and burrow wall (Fig. 3B and 4B). Oxygen levels in the 

respective positions varied over time with higher levels in the inlet (74-125 µM) 

than in the outlet (55-104 µM) of the burrow (Fig. 4B and C). On the average 

oxygen concentration in the lumen of the inlet and outlet differed by 29±12 µM. 

Knowing the stable geometry of the burrow and the relative position in relation 

to the planar optode we could establish an accurate O2 budget for the burrow 

(Tab. 1). Applying Eqs 3 and 5 (d=0), revealed a local volume specific O2 

consumption, RB, in the borrow inlet and outlet of 3.8±0.5 mmol O2 m-3 d-1 and 

2.0±0.4 mmol O2 m-3 d-1, respectively. The integrated oxygen uptake of the burrow 

sediment, OUB, amounted to 4.9±2.8 µmol O2 d-1. This value is lower, but in the 

same range as compared to the calculated OUB* of the natural system (Table 1). 

The burrow walls were quickly colonized by a microbial community and the 

apparent O2 concentration as resolved by the planar optode thus declined (Fig. 

6A). The O2 depletion took place within the original outlines of the burrow structure 

within 20-22 h after animal addition as the mucus film gradually was colonized by 

bacteria (Fig. 5B to 4E). This enhanced O2 consumption along the burrow strongly 

indicates that the burrow lining of mature Hediste diversicolor borrows can act as  
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Figure 5-5.  Ventilation rates of a H. diversicolor (0.18 g w/w) as measured 22.5 h 
after the animal occupied the artificial burrow system. Letters indicate 
time points at which the O2 images were obtained. The right ordinate 
indicates the O2 concentration as recorded by the planar optode at the 
dot in panel B. An example for filter feeding ventilation pattern is 
provided in the inset of panel A. An arrow in panel C indicates an 
outburst of oxygen depleted water when ventilation commenced after a 
resting period. Dashed lines outline the primary sediment surface and 
the secondary burrow-sediment interface. The O2 concentration in 
µmol l-1 is expressed on a 8-bit color scale. 
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 diagenetic hot spot. However, the O2 images still reflected the irrigation activity of 

the animal (Fig. 5). The lowest O2 concentration was still found in the borrow outlet 

and sections of the burrow apparently became almost anoxic as ventilation rates 

ceased (Fig. 5B). When ventilation resumed, a plume of water with low O2 content 

was expelled from the burrow outlet into the overlaying water (Fig. 5C). In some 

cases the inlet and outlet tube shifted as the animal changed orientation after 

extensive deposit feeding at the surface (Fig. 5). 

The burrow RB,in at t22.5h increased to 5.7±2.0 mmol O2 m-3 d-1 and further to 

13.7±2.1 mmol O2 m-3 d-1 at t43h. A robust evaluation of the burrow outlet was not 

possible as the polynomial fit to the extracted microprofiles in the heavily colonized 

section, characterized by low O2 concentrations, became highly inaccurate. Total 

oxygen uptake measurements performed at t22.5h and t43h amounted to in 41.5 

µmol O2 d-1 (n=1) and 48.9±7.1 µmol O2 d-1 (n=3), respectively. 

In contrast to the O2 profiles of the borrow (Fig. 6A), the vertical O2 profiles 

along the primary interface remained almost unaffected during the entire 

experiment (Fig. 6B) with an average O2 penetration depth of 1.0±0.3 mm. Based 

on these profiles we calculated a constant, average RP for the primary sediment 

surface of 6.6±2.1 mmol O2 m-3 d-1 (Table 1). The results of RP were 7% higher, 

but within the same range as the value found for the natural system. The average 

total uptake at the primary interface, OUP, was accordingly estimated to 1.0±0.4 

µmol O2 d-1. 

Microprofiles measured by microelectrodes in the interior of the aquarium filled 

with natural sediment provided RP-values of 7.0±2.4 mol m-3 d-1 and O2 

penetrations depths of 1.0±0.3 mm. This aligned well with the above results from 

the planar optode measurements at the chamber wall (Tab. 1) and both 

techniques thus provided similar results. 
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Figure 5-6.  O2 microprofiles extracted from planar optodes at the primary 
interface (A) and across the burrow 0, 22.5 and 43 h after the animal 
had occupied the agar solidified burrow system.     

 

 

The irrigation activity remained constant at 61±12% during the entire 

experiment, while the ventilation rate increased to 6.9±2.0 ml min-1 (t22.5h) and 

8.5±1.7 ml min-1 (t43h). The ventilation pattern suggested infrequent changes 

between non-filter and filter feeding, the latter being reflected by continuous 

ventilation with regular ventilation strokes of similar length and size at high rates 

only interrupted by brief rest periods (Fig. 5A inset). 

 

 

 

 

5.4. Discussion 

The dynamic nature and irregularities of natural burrow systems of H. diversicolor 

limited the quantitative insight that could be gained from studying conditions in 

natural sediments. In contrast, the construction of regular, agar-solidified burrows 
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artificial burrows had a length of 12 cm, which range with literature values of 9-20 

cm for specimens in the range of 0.2-0.4 g w/w. (Davey 1994, Christensen et al. 

2000). The ventilation patterns of the natural and the artificial burrow systems 

were comparable (Tab. 1). Both systems reflected periods of non-filter feeding, 

and for the artificial system also filter feeding periods were observed as defined by 

Kristensen (2000). However, a shift in ventilation was not always triggered by 

feeding with algal suspensions. 

Over time the ventilation rate in the artificial system almost doubled (Table 1). 

Presumably, this was partly caused by a gradual reduction in the burrow diameter 

as the mucus lining developed. Assuming that the amount of water passing 

through the burrow remained constant, the increase in ventilation rate at (t43h) 

would corresponded to a reduction in the burrow diameter from 1.0 to 0.7 mm. The 

increase in ventilation rate could also partly be ascribed to more intense ventilation 

in order to sustain the metabolic O2 requirement in an environment with gradual O2 

depletion. However, this would be expected to result in an increased irrigation 

activity, which actually remained constant (Table 1). 

Changes in irrigation activity and ventilation rate on diel time scales were not 

considered, and all measurements were performed during daytime. The irrigation 

activity and the ventilation rates measured in the artificial burrows aligned well with 

previous measurements in natural systems, where typical ventilation rates of 2-6 

ml min-1 and irrigation activities during 66–85% of the time have been reported 

(Kristensen 1983a, b, Christensen et al. 2000, Tang & Kristensen in press). The 

shift in animal orientation leading to shifts in the burrow inlet and outlet has also 

previously been observed in natural H. diversicolor burrows (Tang & Kristensen in 

press). The artificial burrow system thus appears to be an ideal set-up for studying 

natural animal behavior and associated O2 dynamics quantitatively. 
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The volume of the overlaying re-circulating water in the aquarium was small (~ 

4.5 ml) and the average water flow was modest (0.1 cm s-1). Thus flushing of the 

burrow lumen after resting periods occasionally induced O2 depletion in the 

overlying water. This is not a natural situation where a large water reservoir will 

buffer such fluctuations. Images obtained during such periods where therefore not 

included for the mass balance calculations discussed below.    

Vertical profiles at the primary interface, as extracted from the O2 images in 

natural and artificial systems, where similar and revealed an O2 penetration depth 

ranging form 0.9-1.5 mm in both systems.  

It has previously been suggested that the mucus lining established in H. 

diversicolor burrows promotes bacterial growth (Riisgard 1991). This was also 

experienced in our burrows. For instance, the RB,in of the artificial burrows within a 

few days increased from 3.8±0.5 mmol m-3 d-1 to 13.7±2.1 mmol m-3 d-1, reflecting 

an intensified microbial activity in the burrow lining. This, however, also 

complicated simple geometric calculations of the planar optode images. The 

mucus lining and bacteria created a new interface inside the burrow resulting in a 

smaller burrow diameter. As the mucus layer also covered the planar optode, 

images no longer reflected conditions in the lumen and the oxygenated zone 

around the burrow, and the total O2 uptake around the burrow could not be 

determined. However, the RB could still be derived from the temporal O2 dynamics 

using (Eq. 3 ) and amounted to 13.6±7.9 mmol m-3 d-1 at t43h.  

From simple mass balance calculations it was estimated that the initial TOU of 

the agar solidified system amounted to (21.1±2.8 µmol O2 d-1), which aligns well 

with the measured TOU for the natural system (21.6±3.2 µmol O2 d-1). 

Unfortunately, we did not measure the initial TOU of the artificial burrow system 

but the TOU at t22.5h and t43h amounted to 41.5 µmol O2 d-1 (n=1) and 48.9±7.1 
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µmol O2 d-1 (n=3), respectively. Assuming a constant polychaete respiration and 

knowing the OUP, the O2 uptake by the burrow could be estimated as OUB* = 

TOU – OUP – Wclac and accounted for 25.0±0.1 µmol d-1 (t22.5h) and 32.4±7.1 µmol 

d-1 (t43h). Thus the oxygen uptake of the burrow was 6.7 times higher after 43 

hours.   

With the knowledge of Aoixc and the burrow radius at time t0h, r, it was possible 

to calculate the oxygen penetration depth, rB,  from the centre of the burrow when 

solely surrounded by sediment (Fig. 2):  

rB = √((Aoxic/π) + r2)       (6) 

From the calculated values for rB, the oxygen penetration depth was derived 

(1.3 mm). The ratio between the measured and the calculated oxygen penetration 

depth (LB – r)/(rB – r) was 1.3 and this ratio expresses the enlargement of the oxic 

zone induced by the presence of the planar optode relative to a situation of 

undisturbed sediment. This calculation could not be done for the later stages of the 

experiments when the planar optode in the burrow was covered by a mucus 

biofilm. A general view on the development of the ratio LB/rB relative to the location 

between burrow lumen and planar optode, d, is presented in Fig. 7 where rB and r 

(1 and 2 mm) were set constant. With increasing d the ratio LB/rB decreased as the 

oxygen penetration depth LB decreased. 

In our experimental set-up, the artificial burrow enhanced the total sediment-

water interface 5-fold, while the calculated oxic volume at t0h was enhanced 14 

times. As a result the O2 uptake of the artificial burrow wall at t0h was 6 times 

higher than the total O2 uptake along the primary interface. Thereby, the fauna 

mediated uptake including animal respiration, Wcalc, and the O2 uptake of the 

burrow lining, OUB, accounted for 96% of the total O2 consumption in the 

experimental aquarium. The respiration accounted for 73% while 23% of the total 
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burrow consumption could be ascribed to the burrow uptake. After 43 hours, the 

OUB had increased to 66%. 

 

 

 

 

 

 

 

 

Figure 5-7.  Development of the ratio of O2 penetration depth seen by the planar 
optode, LB, and the O2 penetration depth of the undisturbed sediment, 
rB, relative to the position of the burrow lumen to the planar optode, d, 
for burrow radius of 1 and 2 mm.   

 

 

 

Figure 5-8.  The relative importance of the respective O2 consuming processes at 
t0h (A) and t43h (B) after the animal had occupied the agar solidified 
burrow system. Estimates of OUB, OUP, and Wcalc are given in % of 
the TOU and are extrapolated to a density of 600 individuals m-2. 

 

Wcalc mmol d-1

3%

OUB mmol d-1

95%

OUP mmol d-1

2%

OUB mmol d-1

66%

OUP mmol d-1

12%Wcalc mmol d-1

22%

t = 0 t = 43h

A B

Wcalc mmol d-1

3%

OUB mmol d-1

95%

OUP mmol d-1

2%

OUB mmol d-1

66%

OUP mmol d-1

12%Wcalc mmol d-1

22%

t = 0 t = 43h

A B

0

1

0 1
distance between burrow and planar 

optode (mm)

LB
 / 

r B
 

r=1 mm 

r=2 mm 



5. Oxygen dynamics around burrows 

 

134

Extrapolating the O2 budgets of the artificial burrow to an average population 

density of 600 ind. m-2, the fauna mediated O2 uptake at t0h amounted to 88% 

(37±2 mmol m-2 d-1) of the TOU, divided into 66% for OUB and 22% for the 

polychaete respiration (Fig. 8A). After 43 hours the fauna mediated O2 uptake had 

increased to 98% (319±47 mmol m-2 d-1) with 95% being related to the burrow 

uptake and only 3% to the polychaete respiration (Fig. 8B). These values 

underscore that burrow walls of H. diversicolor represent zones of intensified 

diagenetic activity. The relative importance of the O2 consumption due to the 

polychaete respiration compare to in situ reports of 6–25% (Wenzhöfer and Glud 

2004) and lab based feeding experiments 15-30% (Christensen et al. 2000).  

The high O2 dynamic around a natural and artificial burrow of H. diversicolor 

were investigated in close detail with the planar optode technique. For the artificial 

burrow system the volume specific O2 consumption (RP and RB) and the total O2 

uptake (OUP and OUB) at the primary sediment surface and along the burrow wall 

could be calculated in good precision and correlated with the behaviour of H. 

diversicolor. 

Our study shows how the combination of planar optodes and agar-solidified 

artificial burrows can be used to gain insight to the behavior and associated O2 

dynamics of bottom dwelling invertebrates. The presented procedure can in 

principle be used for more complex burrow systems and other species of 

importance for benthic biogeochemistry.   
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6. Summary 

First, the technical developments of sensors, camera systems and applications of 

the imaging techniques were reviewed. Since the first more primitive approaches, 

more sophisticated systems have been developed, in which both fluorescence 

intensity and fluorescence lifetime imaging was possible in one as well as two 

dimensions (planar optodes). The oxygen distributions were visualized by the use 

of planar sensor foils with an oxygen sensitive fluorophore layer, containing a 

photostable ruthenium complex, that was reversibly quenched by oxygen. The 

planar optodes were fabricated of organically modified sol-gel (ORMOSIL). All 

sensor foils were based on the use of ruthenium(II)-tris-(4,7-diphenyl-1,10-

phenantrolin)-perchlorate, which was a fluorescent dye quenched dynamically by 

oxygen. Sensors made with different sol-gel immobilization matrices, different 

concentrations of precursors and indicator dye, as well as different types of 

scattering particles co-immobilized in the sensor foil were investigated 

systematically. Optimal sensor performance was obtained with dye concentrations 

of 2-10 mmol/kg in an immobilization matrix made of diphenyldiethoxy-silan and 

phenyltriethoxy-silan precursors with addition of organically coated TiO2 particles. 

The sensors exhibited a good mechanical stability and a high sensitivity from 0 to 

100% oxygen, which remained constant over at least 36 days.  

The recording system was optimized for modular luminescence lifetime 

imaging (MOLLI). The central parts of the system were a CCD-camera with a fast 

electronic shutter and gated LED (light emitting diode) or Xe excitation light 

sources. A personal computer controlled the gating and image acquisition via a 

pulse delay generator.  

The planar optodes were used to investigate 2-dimensional O2 dynamics in 

burrow systems inhabited by Hediste diversicolor. Natural burrows often deviated 
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from the classic U-shape and changed over time. This complicated quantitative 

assessment of the O2 dynamics of the burrow. Therefore, a stable U-shaped 

burrow was established surrounded by agar-solidified sediment. Visual inspection 

and measured ventilation patterns indicated similar behavior of polychaetes in 

natural and artificial systems. The volume specific O2 consumption, RP, along the 

primary interface in the two systems were identical. Planar optode and 

microelectrode measurements gave similar results along the primary sediment-

water interface. The radial diffusion of O2 around a burrow was disturbed by the 

presence of the planar optode directly attached to the burrow wall causing an 

enhanced oxygen penetration depth compared to the undisturbed system. With 

the known geometry of the burrow system the effect could be corrected. Microbial 

colonization along the burrow lining increased the volume specific O2 

consumption, RB, from 3.8+0.5 to 13.7+2.1 mol m-3 d-1 within two days reflecting 

that the burrow lining of H. diversicolor acts as a zone of intensified diagenetic 

activity. Extrapolated to natural densities in coastal sediments (600 m-2) the 

findings indicate that 88 % of the benthic O2 uptake is associated to worm burrows 

and that the major fraction hereof (66 %) is related to microbial activity in the 

burrow lining, while 22 % can be ascribed to fauna respiration.  
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