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Abstract We present a new method for quantifying spa-

tio-temporal O2 distribution and dynamics at biologically

active surfaces with a complex surface topography. Mag-

netized O2 optode microparticles (*80–100 lm) contain-

ing the NIR-emitting luminophore platinum (II) meso-tetra

(4-fluorophenyl) tetrabenzoporphyrin (PtTPTBPF; ex. max.

615 nm; em. max. 780 nm) were distributed across the

surface tissue of the scleractinian coral Caulastrea fur-

cata and were held in place with a strong magnet. The

O2-dependent luminescence of the particles was mapped

with a lifetime imaging system enabling measurements of the

lateral surface heterogeneity of the O2 microenvironment

across coral polyps exposed to flow. Mapping steady-state

O2 concentrations under constant light and O2 dynamics

during experimental light–dark shifts enabled us to identify

zones of different photosynthetic activities within a single

coral polyp linked to the distribution of coral host pigments.

Measurements under increasing irradiance showed typical

saturation curves of O2 concentration and estimates of gross

photosynthesis that could be spatially resolved at *100 lm

pixel resolution. The new method for O2 imaging with

magnetized optode particles has much potential to be used

in studies of the surface microenvironment of other aquatic

systems such as sediments, biofilms, plant, and animal

tissue.

Introduction

The concentration of O2 is a key environmental variable in

ecological and physiological studies of aquatic organisms

and systems, where it is a measure of the net outcome of

photosynthesis, respiration, and biogeochemical minerali-

zation processes (Klimant et al. 1997; Fenchel and Finlay

2008; Glud 2008). In corals, O2 levels are modulated by (1)

the photosynthetic O2 production of microalgal endos-

ymbionts in the host tissue, (2) the combined respiration of

the animal host and its symbionts, and (3) the transport of

O2 via advection and diffusion. The chemical conditions in

coral tissue vary dynamically from hyperoxic conditions in

the light to hypoxia in darkness (Kühl et al. 1995). Such

dynamics also exhibits spatial variability due to differences

in symbiont density and host pigmentations as well as

inter- and intra-colonial variability in symbiont light

acclimation (Ulstrup et al. 2006) and the balance between

photosynthesis and respiration (Cooper et al. 2011). The

balance of these processes is responsive to environmental

stress leading to deleterious effects such as temperature-

induced coral bleaching, disease, and tissue injury (e.g.,

Andersen et al. 2010; Ulstrup et al. 2007). Thus, the
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chemical landscape in terms of O2 distribution in corals is

modulated by changes in coral physiology, tissue organi-

zation, and environmental conditions. Such links between

structure and function are largely unexplored and require

experimental methods enabling fine scale mapping of O2

conditions in relation to the coral tissue and skeleton

structures.

Electrochemical and optical microsensors (Revsbech

2005; Kühl 2005) can measure O2 with high spatio-tem-

poral resolution yielding detailed insight to microenviron-

mental controls of photosynthesis and respiration in corals

(Kühl et al. 1995; de Beer et al. 2000), foraminifera

(Köhler-Rink and Kühl 2005), and biofilms (Kühl et al.

1996). However, such microsensor measurements are de

facto point measurements that are difficult, if not impos-

sible, to extrapolate to larger scales in complex and het-

erogeneous systems. Earlier attempts to map the chemical

heterogeneity in corals have involved microsensor point

measurement of O2 and temperature profiles in transects

across coral polyps (e.g., de Beer et al. 2000; Jimenez et al.

2008, 2011) in experiments lasting several hours.

Alternatively, O2 can be spatially mapped with imaging

technology in combination with luminescent O2 indicators

immobilized on planar sensor foils (reviewed in Kühl and

Polerecky 2008). The measuring principle of such O2 op-

todes is based on the dynamic collisional quenching of a

luminescent indicator dye by molecular oxygen. When the

indicator is excited by photons, it will emit red-shifted

photons to return to its ground state with a given time

constant, that is, the luminescence decay or lifetime. In the

presence of O2, the excited indicator can transfer its energy

upon collision with molecular oxygen, which is intermit-

tently changed to a singlet state. Singlet oxygen is rapidly

converted back into O2, mainly through non-radiative

deactivation via heat emission, and no net consumption of

O2 is caused by the optical measurement (Klimant et al.

1997; Bacon and Demas 1987). The net result of the energy

transfer to O2 is a reduction in indicator luminescence

intensity, I, and a decrease in the luminescence lifetime, s.

Immobilization of O2 indicators in polymers often leads

to a non-ideal quenching behavior, and the relation

between luminescence and O2 concentration is often

described by a modified Stern–Volmer equation (Carraway

et al. 1991; Klimant et al. 1997):

s
s0

¼ I

I0

¼ a
ð1þ Ksv � ½O2�Þ

� �
þ ð1� aÞ ð1Þ

where I0 and s0 are the luminescence intensity and lifetime

under anoxia, I and s are the luminescence intensity and

lifetime for a given O2 concentration, a is the fraction of

quenchable dye, and Ksv is the Stern–Volmer quenching

constant, which quantifies the efficiency of the quenching and

therefore the sensitivity of the sensor (Klimant et al. 1997).

First, O2 imaging studies used simple luminescence

intensity imaging of planar optodes (Glud et al. 1996) but

now luminescence lifetime imaging is commonly used

(Kühl and Polerecky 2008); the lifetime measuring princi-

ple is described in Holst et al. (1998) and Holst and Grun-

wald (2001). Such sensors have, for example, been used for

respiration and photosynthesis studies in microbial com-

munities (e.g., Glud et al. 1996, 1999), studies of O2

dynamics in coral skeleton (Kühl et al. 2008), and in studies

of the effects of infauna and fish on sediment O2 conditions

(Wenzhöfer and Glud 2004; Behrens et al. 2007). However,

use of planar sensor foils requires fitting the investigated

system tightly to the sensor surface, for example, by

insertion of the planar optode into sediment for measuring

vertical O2 gradients (Glud et al. 1996, 2001) or by growing

biofilms directly on top of the sensor foil (Kühl et al. 2007;

Staal et al. 2011). The presence of a planar optode in the

diffusive boundary layer (DBL) above corals would create

its own boundary layer, and even the presence of a thin

microsensor tip in proximity of the coral tissue can induce a

local erosion of the DBL (Glud et al. 1995).

Luminescent O2 indicators can be immobilized into nm-

or lm-sized particles (e.g., Borisov and Klimant 2008a, b),

which preserve the measuring properties of macro optodes

and can be distributed or fixed over a complex surface.

Embedding the indicator in particles is important because

singlet oxygen is formed during the O2-sensing mecha-

nism, which can affect biology if dissolved O2 indicators

are used in solution (Dobrucki 2001). When the indicator is

immobilized in a polymer matrix in a planar optode or a

microparticle, such exposure is minimized, as singlet

oxygen dissipates faster than it can diffuse out of the sensor

layer/particle. The use of sensor microparticles for dis-

tributed O2 sensing is thus chemically non-invasive. In this

study, we present a new method using such microparticles

for mapping spatial O2 distribution and dynamics at the

tissue surface across single coral polyps exposed to flow

and defined irradiance levels. The scope is to present the

new method, its advantages, and its current limitations

rather than a fully replicated physiological study of corals.

The new method is also well suited for mapping O2 in

applications within many other areas of experimental

biology.

Materials and methods

Sensor materials

We used the newly developed O2 indicator platinum (II)

meso-tetra(4-fluorophenyl) tetrabenzoporphyrin (PtTPTBPF).

The synthesis of this luminophore and its photophysical

properties are described in detail elsewhere (Borisov et al.
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2008a, b, 2009). PtTPTBPF has a higher brightness

(defined as the product of the molar absorption coefficient,

e, and the emission quantum yield) and a higher photo-

stability as compared to other platinum(II) and palla-

dium(II) benzoporphyrin complexes (Borisov et al. 2009).

An advantageous feature of PtTPTBPF is the possibility to

excite the indicator with low energetic red light (ex. max.

*615 nm) and to monitor the O2-dependent luminescence

in the NIR region (em. max. *780 nm) (Fig. 1), that is,

well outside the fluorescence range of, for example, chlo-

rophyll or GFP-like host pigments (Oswald et al. 2007).

Temperature influences both the decay time of

PtTPTBPF under anoxic conditions (which decreases due

to thermal quenching) and the Stern–Volmer quenching

constant Ksv (which increases with temperature) (Borisov

et al. 2008a, b). The decay time of PtTPTBPF in the par-

ticles is only minor affected by temperature (about 0.07 %/

�K). The effect of temperature on Ksv is more significant

(about 1.3 %/K). In other words, alteration of temperature

by 1 �C would produce an error of *1.3 % in determi-

nation of O2 partial pressure.

Preparation of O2-sensitive microparticles

PtTPTBPF was immobilized into a copolymer of polysty-

rene and maleic acid anhydride (PS-MA, 11 % of maleic

anhydride). Optodes made with this copolymer matrix have

a similar sensitivity to O2 as polystyrene-based optodes,

but cast copolymer films can easily be ground to micro-

particles, and the microparticles are rendered water-dis-

persible due to the hydrophilic surface provided by the

carboxyl groups of the maleic acid. Use of low molecular

weight PS-MA (14,000 Da) is best for this purpose, since

copolymers with a higher MW are more difficult to grind

mechanically.

A weight of 15 mg of PtTPTBPF (prepared according to

Borisov et al. 2009) and 1 g of PS-MA (EF-80, kindly

provided by Sartomer Inc; http://www.sartomereurope.com)

were dissolved in 3 g of chloroform. The solution was

evaporated in a Petri dish, and the resulting bulk material

was ground in an agate mortar. The particles were dis-

persed in a mixture of 20 mL ethanol and 1 mL 1 M NaOH

and were stirred with a magnetic stirring bar for 24 h. The

beads were washed 5 times with ethanol and 3 times with

water to remove indicator dye absorbed on the particle

surface. The obtained aqueous suspension (1.5 % w/w) was

stored at 4 �C. Magnetic O2 sensing microparticles were

prepared using a similar procedure, but 300 mg of lipo-

philic magnetite nanoparticles (prepared according to

Mistlberger et al. 2010b) and 50 mg of titanium dioxide

nanoparticles (P 170, Kemira Inc.; http://www.kemira.com

) were additionally added to the solution of indicator and

polymer in chloroform prior to evaporation and grinding.

A 1.5 % w/w particle stock solution was diluted 10

times before application to corals via a pipette. First

experiments showed that deposited non-magnetic particles

were mostly transported away from corals subject to flow.

However, microparticles with magnetite could be immo-

bilized onto the coral surface tissue by help of a strong

magnet placed under the coral (see below). We did not

observe any significant flow or sedimentation-driven par-

ticle redistribution of magnetic particles. Therefore, only

magnetized microparticles were used in actual coral

experiments.

Imaging system

We used a modular luminescence lifetime imaging system

(Holst et al. 1998; Holst and Grunwald 2001) consisting of

a sensitive fast gate-able camera with a 1,280 9 1,028

(2/300) CCD-Interline Progressive Scan chip (PCO Sensi-

mod, PCO GmbH, Germany), which acquires images of

luminescence intensity during defined time intervals rela-

tive to the excitation of the O2 indicator with light emitting

diodes (LEDs). Custom-made software (LookMolli vers.

1.8.5; Holst and Grunwald 2001) controlled the timing of

image acquisition and LEDs. In our study, the CCD camera

was equipped with a macro lens (Xenoplan XNP 1.4/17,

Schneider-Kreutznach, Germany) resulting in a resolution

of *35 lm per pixel at a focal distance of *7 cm over a

Fig. 1 Chemical structure (left)
and spectral absorption and

emission properties of the

luminescent O2 indicator

platinum (II) meso-tetra

(4-fluorophenyl)

tetrabenzoporphyrin

(PtTPTBPF) (right)
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field of view of *3.5 cm 9 4.5 cm. The lens was equip-

ped with a RG9 emission long pass filter (k[ 720 nm,

Schott GmbH). Two high power red LEDs with a Lam-

bertian beam pattern (1 W, LXHL-MD1D, em. max.

625 nm, Luxeon) were mounted close to the lens in an

adjustable holder for homogeneous illumination of the

sampled region. The LEDs were equipped with collimating

lenses to intensify excitation over the central focus area of

*2 cm2 in the cameras field of view

Luminescence lifetime images were determined from

acquisition of luminescence intensity images over two

different time windows, w1 and w2, after the eclipse of the

excitation light (Holst et al. 1998):

s ¼ Dt

ln Iw1

Iw2

� � ð2Þ

The time intervals are defined by several system settings:

Dex is the time interval where the LEDs are turned on for

excitation; D1 is the delay time before start of w1, which can

be used to avoid natural bioluminescence with a much faster

decay time than the O2 indicator; DInt sets the time duration

that the CCD chip uses to records values for w1 and w2; D2

sets the time interval between stop exposure of w1 and start

exposure of w2 image. This measuring scheme is repeated

numerous times within a preset integration time of the CCD

camera determining the total number of measuring cycles

for each data set acquisition. The integration time enables

signal amplification improving the signal to noise ratio. In

our study, we used the following setting: Dex = 10 ls,

D1 = 1 ls, D2 = 3 ls, and DInt = 3 ls; these values were

chosen after optimization tests with the O2 indicator

particles showing optimal pixel values relative to the

system noise.

Experimental setup

The imaging system was mounted vertically above a flow

chamber placed on top of an aquarium tank (inner dimen-

sions: 41.5 9 25 9 24 cm) with artificial seawater (HW

Meersalz Professional, Wiegand GmbH, Germany; S = 38)

kept at 25.5 �C by help of an aquarium heater (Fig. 2). The

water was aerated with an aquarium air pump keeping

the O2 concentration in the seawater at atmospheric satu-

ration under the experimental salinity and temperature

(205 lmol L-1; Ramsing and Gundersen 2000). A sub-

mersible water pump circulated the water through the flow

chamber (inner dimensions: 8 9 25 9 7 cm) at flow

velocity of *0.5 cm s-1. Light driving photosynthesis was

supplied from a fiber-optic halogen lamp (KL2500, Schott

GmbH, Germany) equipped with a glass filter blocking

wavelengths [720 nm (CalFlex X, Balzers, Switzerland)

and a collimating lens. In comparison to sunlight, the color

temperature of halogen lamps is lower and contains much

less blue wavelengths. Incident light at the surface of the

coral was measured as downwelling quantum irradiance

(PAR, 400–700 nm) for different lamp settings using a

quantum irradiance meter (LI-192, LI-250, LiCor Inc.,

USA).

Experiments were done with single polyps (*1–1.5 cm

wide and 2–3 cm high) of the scleractinian coral Caulastrea

furcata mounted with waterproof putty onto a small plastic

base. The corals were grown under an irradiance of

*100 lmol photons m-2 s-1 in a large tank of artificial

aerated seawater (25.7 �C). Prior to experiments, individual

coral polyps were carefully transferred to the flow chamber

avoiding air exposure. The polyp was mounted in a custom-

made Perspex device (Fig. 2b) directly on top of a neody-

nium magnet (circular flat shape, height: 0.9 cm, radius:

0.9 cm, Chen Yang Technologies GmbH, Germany), which

created a strong magnetic field over the polyp surface. The

109 diluted solution of magnetic sensor particles was kept

in an Eppendorf tube, which was thoroughly mixed before

application. Aliquots of 30 lL were applied very slowly

over the coral tissue using a 100 lL pipette, until a

homogenous distribution of the particles was achieved.

Coral polyps are able to expand or contract their tissue

and secrete mucus in response to external stimuli and/or

stress. In our study, abrupt changes in light conditions as

well as transfer from the growth tank to the experimental

setup stimulated the corals to slowly expand their mouth

disk and the area around it initiating mucus secretion.

Thereby, particles could be moved in excreted mucus

treads rearranging the sensor particles. While mucus

secretion and rearrangement of the beads could not be

prevented completely, it was largely avoided by allowing

the coral to acclimate for *1 h after transfer to the

experimental setup before application of the magnetic

beads.

Calibration

A heating/cooler circulator (Julabo F25-HD, Germany)

was connected to the thermostating loop of a custom-built

aluminum calibration chamber, which was maintained at a

constant temperature of 25.5 �C. The chamber was

designed as a gas tight flow trough cell with an inlet, an

outlet, and a transparent removable lid. A droplet of a 109

diluted solution of a 1.5 % w/w PS-MA magnetic sensor

bead suspension was placed on a thin neodymium magnet

in the calibration chamber. The inlet of the calibration

chamber was connected with gastight Tygon tubing to a

PC-controlled gas mixer (Sensor Sense GM-1, The Neth-

erlands) that generated a constant gas stream through the

chamber. To prevent evaporation from the droplet with the

sensor particles, the gas was flushed through water in a

1624 Mar Biol (2012) 159:1621–1631
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humidifier vial prior to entering the calibration chamber.

We used a total gas flow rate of 0.4 l min-1 and pro-

grammed the gas mixer to provide a defined range of gas

mixtures with 11 linear stepwise increases in O2 concen-

tration going from 0 to 40 % O2 saturation. Each concen-

tration step was kept for 5 min to guarantee steady-state O2

conditions for each calibration measurement.

Mapping of O2 dynamics across coral tissue surface

After application of the magnetic O2 sensor particles, the

coral was illuminated for *5–10 min to attain steady-state

O2 conditions at the coral surface (Kühl et al. 1995) before

the lamp was switched off and image acquisition started.

Sixty sequential measurements per irradiance were col-

lected. Three such series were measured at the same irra-

diance but with image acquisition of 10, 20, and 30 s

intervals, respectively. The first O2 image in these series

was taken as representative for the steady-state O2 con-

centration at the tissue surface.

Prior to imaging fast O2 dynamics, the coral was kept in

the dark *10 min until constant lifetime values were

obtained, that is, steady-state O2 conditions. Subsequently,

the coral was illuminated for 5 min with each of the fol-

lowing irradiances: 63, 149, 309, 596, and 1,229 lmol

photons m-2 s-1. After each irradiance period, the light

was switched off and the camera system was set to record

60 image sets with a 3-s interval between successive

images. In principle, the average O2 concentration deple-

tion rate over the first few images (3–4 depending on noise

levels) after onset of darkness estimates the gross photo-

synthesis rate of the coral assuming (1) steady-state O2

conditions before darkening, (2) an unchanged O2 con-

sumption rate just before and after darkening, and (3) no

significant changes in the spatial O2 concentration gradi-

ents (Glud et al. 1999).

Image analysis and calculations

Image sequences were imported into ImageJ (Vers. 1.42Q;

http://rsbweb.nih.gov/jj) as a w1 stack and a w2 image

stack, respectively. Luminescence lifetimes, s, were cal-

culated according to Eq. 2, where Dt (6 ls) was the time

interval between start exposure of w1 to start exposure of

w2. Subsequently, s0/s was calculated, using the s0 value

(48.4 ls) found in our calibration at 0 % O2. The ratio

stack was then further processed using the obtained cali-

bration curve. Multiplication with a mask created from a

thresholded w1 image sequence removed the pixels that did

not contain magnetic beads. The resulting image stacks

described the spatio-temporal O2 dynamics.

Proxies of gross photosynthesis rate were calculated

from the rate of change in O2 concentration in the first

seconds after darkening in two ways: (A) For calculations

at pixel level, we duplicated the O2 concentration image

stack, removed the last image in one stack and the first

image in the other stack. By subtracting these two image

stacks, we thus obtained a stack of O2 concentration

changes, D[O2], between image n and image n ? 1. By

dividing this D[O2] stack with the time interval between

images, we obtained a stack of O2 depletion rate images.

Using the z-projection function of ImageJ, we used this

stack to calculate an average O2 depletion rate image as a

proxy for gross photosynthesis rate. (B) Alternatively, we

used thresholded sequences of O2 concentration images,

where regions of interest (ROI) could be set (using the

ImageJ plug in ‘‘Time Series Analyzer’’; http://rsbweb.nih.

gov/ij/plugins/time-series.html), in which values from each

image in the time sequence were averaged, so that each

time point was only represented by the average values of

the ROI. The initial part of such data sets was fitted with a

linear trend line, the slope of which yielded a proxy for

gross photosynthesis.

PC

LDC

Data to PC

Fiber optic
Halogen Lamp

Trigger signals

Trigger signals

Pump

Excitation light LED frame
w. red LEDs

C
C
D

Red excitation light

Micro beads optode

Coral

Magnet

Custom made
fixation device

BAFig. 2 Schematic drawing of

experimental set-up for imaging

O2 concentration over coral

tissue (a), and a custom-built

magnet holder enabling

immobilization of magnetic O2

optode microparticles onto the

tissue surface of a coral

sample (b)
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Results

Calibration

The O2-dependent luminescence lifetime, s, of the mag-

netic microparticles varied over a range of almost 40 ls for

the range of O2 concentrations used in our calibration

(Fig. 3a), with a luminescence lifetime under anoxia, s0, of

48.4 ls. Note that the luminescence intensity or lifetime

decreased non-linearly with increasing O2 concentration.

Largest relative signal changes were thus found at the

lowest O2 concentration range, while the absolute signal

changes became less and less with increasing O2 concen-

tration, ultimately defining the upper detection limit. In the

present study, the operational range of the O2-sensitive

microparticles was 0 to *400 lmol O2 L-1. The relative

standard error of the individual calibration points was

constant, showing a variability in the microparticle lumi-

nescence of *10 % at a given O2 concentration, which

may in part be attributable to the fact that the microparticle

size was larger than the camera pixel resolution.

The magnetic O2 sensor particles exhibited a slightly

non-linear Stern–Volmer plot of the calibration data

(Fig. 3b), where fitting of Eq. 1 yielded a small non-

quenchable fraction, that is, (1-a) = 0.036, and a Ksv of

0.1229 (% O2)-1.

For a given batch of magnetic sensor particles, we

obtained similar calibration curves when comparing cali-

brations done at time intervals over weeks up to several

months—with the beads stored in a refrigerator in between.

The maximum O2 concentration at which the beads can be

used is approximately 900–1,000 lmol O2 L-1. At higher

concentrations, the fluorescence signal to noise levels

became too low. In the image calculations, we used a

threshold minimum pixel value of 30, that is, 4–5 times the

background pixel value, which was *5–10. Pixel values

below this threshold were excluded from the analysis. Con-

sequently, the accuracy of O2 pictures is somewhat lower at

low pixel values, which is reflected in an increased standard

deviation and a lower peak height (data not shown). It was

found that the absolute standard deviation increased from

*12 lM under hypoxic conditions up to *55 lM at an O2

concentration of 400 lM in the calibration images.

Mapping of O2 concentration dynamics

First measurements with the magnetic sensor particles

clearly showed their potential to resolve the lateral heter-

ogeneity in O2 concentration over the upper tissue surface

of corals (Fig. 4). The luminescence lifetime imaging

approach used here allows quantification of O2 independent

on the absolute luminescence intensity, which is affected,

for example, by uneven illumination or distribution of the

sensor particles. It was possible to superimpose images of

the coral structure with O2 concentration images enabling

mapping of O2 concentration to specific structures of the

coral polyp such as, for example, the mouth disk with

tissue containing fluorescent host pigments and the sur-

rounding coenosarc tissue.

Under increasing irradiance, the average tissue surface

O2 concentrations expressed a typical saturation curve

(Fig. 5a–g). Histograms of all pixel values of O2 concen-

trations over the coral tissue showed a normal distribution

that became wider at increasing irradiance, indicative of

increasing differences in surface O2 concentration over the

tissue (Fig. 5h). The O2 dynamics at the coral tissue surface

during experimental light–dark shifts showed differences

between tissue types (Fig. 6). A region representative of

the surrounding coenosarc tissue exhibited higher O2

concentrations in saturating light (404 lmol O2 L-1) and a

lower concentration in the dark (84 lmol O2 L-1) than a

region representative of the mouth tissue (313 lmol

O2 L-1 in light and 144 lmol O2 L-1 in the dark,

respectively).

The spatial distribution of gross photosynthetic activity

over the coral tissue under increasing irradiance was

mapped from O2 concentration images acquired immedi-

ately after darkening (Fig. 7). Pixel–pixel rate calculations

yielded a rather noisy picture due to inherent variability in

pixel levels for a given O2 concentration (Fig. 3). Calcu-

lations of photosynthesis from the O2 depletion rate within

specific ROI yielded relative standard errors within a

region of interest were 20–27 %. Comparison of the dif-

ferent tissue types indicated that photosynthetic activity

was higher in the coenosarc tissue as compared to the

mouth disk tissue containing coral host pigments (Fig. 7).

A B

Fig. 3 Calibration curve of magnetic O2 optode microparticles.

a Luminescence lifetime, s, versus O2 concentration. Symbols
represent average ± SE. b A Stern–Volmer plot of s0/s versus O2

concentration
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Discussion

The use of distributed magnetized O2 optode microparti-

cles is a new method enabling the mapping of O2 con-

centration and dynamics over complex coral tissue

surfaces. The magnetic sensor particles can be easily fab-

ricated in larger quantities using a simple protocol. If

prolonged storage times are required, the beads can also be

freeze-dried and re-dispersed whenever necessary. In this

first presentation of the technique, we were able to image

Fig. 4 Images of a single polyp

of the coral Caulastrea furcata
showing (a) a color photograph

of the polyp with the presence

of fluorescent host pigments in

the bluish-green polyp tissue

surrounding the mouth disk and

the brown coenosarcs tissue,

(b) a luminescence intensity

picture of the polyp, (c) an

image of the spatial O2

distribution over the polyp

surface under an irradiance of

63 lmol photons m-2 s-1, and

(d) an overlay of the polyp

structure and the O2

concentration image. The O2

concentration in the air-

saturated overlaying water was

205 lmol L-1
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b–f. The scale bar applies to

b–f. The O2 concentration in the

air-saturated overlaying water

was 205 lmol L-1
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O2 concentration and estimates of photosynthetic activity

within a single coral polyp. We could assign differences in

O2 dynamics under increasing irradiance to different coral

tissue types, that is, coenosarc tissue and polyp tissue

around the mouth disk containing fluorescent host pigments

that may affect light availability and act as photo protective

agents (Salih et al. 2000). Earlier studies of intra polyp

differences in O2 concentration and photosynthetic pro-

duction have been limited to relatively few O2 microsensor

point measurements (e.g., Kühl et al. 1995; Ulstrup et al.

2006). The possibility to superimpose images of O2 dis-

tribution and dynamics onto structural images of the coral,

thereby linking the chemical O2 landscape and photosyn-

thetic activity distribution to coral morphology, is thus a

major step forward in our ability to resolve microenviro-

mental controls and responses of coral ecophysiology.

However, application of the new microparticle meth-

odology on corals also faces special challenges due to coral

secretion of mucus under stress. In our study, we could

avoid or minimize this by allowing corals to acclimate to

experimental conditions in the flow chamber after transfer

from the growth tank. However, there was still some mucus

production in parts of the coral, which hindered more

permanent deposition of sensor particles in these regions.

Although we applied a relatively dilute suspension of

particles, we cannot rule out that the presence of sensor

particles on the coral tissue induced such mucus secretion,

as corals can be stressed by sediment deposition (Weber

et al. 2006). More studies of such a potential interference

need to be done.

Intense mucus production could also keep sensor parti-

cles at a distance to the tissue surface, which would cause

less dynamics in O2 concentration and underestimation of

photosynthetic activity, and this may be the reason behind

our relative low GRP rates (Fig. 7) as compared to other

studies (e.g., Kühl et al. 1995). In this study, we used

relatively large (*80–100 lm) magnetized particles with a

slow response time of several seconds, as judged from O2

dynamics in highly active biofilms, showing strong O2

depletion within 5 s after a light–dark shift at saturating

irradiance (Staal et al. unpublished data). This is a limita-

tion in connection with gross photosynthesis measurements

via rapid light–dark shifts, as slow response limits the

spatial resolution due to diffusive ‘‘smearing’’ of true

concentration differences and dynamics (Glud et al. 1999).

Future studies should resolve this in more detail, for

example, by combining O2 imaging with point measure-

ments with O2 microsensors. Gross photosynthesis rates are

normally quantified with fast responding (t90 \ 0.2–0.5 s)

O2 microsensors measuring over \1–2 s intervals after

darkening (Kühl et al. 1996). However, our measurements

could not realize such high temporal resolution due to

limits in the image acquisition system and a relatively slow

response of the *80–100 lm large sensor particles

yielding an operational response time of several seconds.

Our rates should thus only be regarded as a first proxy of

photosynthetic activity in the coral surface tissue. Faster

and more precise measurements can, however, be realized

with smaller sensor particles, for example, in combination

with nano porous polymer matrices facilitating faster
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response times (e.g., Koren et al. 2010). Given sufficient

luminescence signal, the imaging system can acquire O2

images with a time resolution of *0.5 s (Holst et al. 1998).

During a single acquisition cycle of an O2 image, light

exposure is very brief and does not induce significant O2

production. However, high frequency image acquisition

could potentially induce some photosynthetic activity in

dense populated samples with photopigments exhibiting

absorption maxima overlapping significantly with the red

excitation light. In corals, the main emission of the red

LEDs does not directly target photosynthetic pigments of

the coral symbionts. This problem may become more

severe, for example, in applications with cyanobacteria

harboring phycobilins that absorb strongly in the emission

range of the red LED. We used the magnetic sensor par-

ticles for high frequency measurements in cyanobacterial

biofilms and found that the O2 production rate caused by

the LED excitation light used in the luminescent lifetime

measurements was \4 % of the maximum production rate

(Staal et al. unpublished data). It is important to keep this

potential error in mind.

Large particle size makes it difficult to obtain even

coverage of areas larger than a few cm2 without the for-

mation of particle aggregates. Small particle movements,

for example due to mucus release or flow variations, can

translate into a large standard variation in the measuring

signal, especially when doing pixel to pixel calculations as

the pixel resolution of the camera system was better than

the particle size contributing to noise when one sensor

particle is partially monitored by some pixels. These lim-

itations could be alleviated in future studies by using

smaller magnetized particles (down to nanoparticle size,

Mistlberger et al. 2010a, b).

Another important factor is to provide a strong and

homogenous magnetic field in order to facilitate an even

and stable distribution of the sensor particles on top of the

investigated surface. In this first study, we did not attempt

such optimization of the magnetic field besides using

strong magnets. However, there is significant know-how

developed in analytical chemistry to facilitate such opti-

mization and manipulation of magnetic fields and particles

(Mistlberger et al. 2008). Presence of sticky exopolymers

or mucus formation at the surface will bind some particles

more strongly. However, in the case of corals, mucus

production will over time tend to clear the coral tissue

surface of remaining sensor particles.

The use of an NIR-emitting O2 indicator presents sev-

eral advantages, as it can be excited with low energy red

light and emits at[750 nm, which is well outside the range

of chlorophyll fluorescence. It is thus possible to map O2

concentration and dynamics on tissues and biofilms har-

boring large amounts of photopigment, and to combine

such mapping with, for example, mapping of photosyn-

thetic activity via variable chlorophyll fluorescence imag-

ing (Kühl and Polerecky 2008) without interference from

the sensor particles. The NIR-emitting O2 indicator can

also be used in combination with other frequently used

biomarkers such as green fluorescent protein (GFP)

reporters and DNA stains with emission windows outside

the range of PtTPTBPF, and this, for example, allows

quantification of GFP-like coral host pigments without

interference from the sensor particles.
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In conclusion, lifetime imaging combined with distrib-

uted magnetized optode microparticles can resolve the

spatio-temporal dynamics of O2 over tissue surfaces at a

hitherto unreached spatial coverage, allowing images of O2

concentration and O2 dynamics to be directly superimposed

on structural images of corals. This new methodology is

also well suited for studies of O2 microenvironments at

other surfaces with a complex topography, for example,

sediments, microbial biofilms, plant and animal tissues.

Examples of future applications of such magnetized O2

sensitive microparticles include, for example, studies of the

microenvironment of macrophytes (Spilling et al. 2010) or

the epithelia of aquatic organisms that exchange O2

through their skin rather than via gills. Physiological

applications could also encompass the use of metabolic

inhibitors and mapping of their spatio-temporal effect on

O2 metabolism. The methodology is also relevant, for

example, in studies of DBLs and O2 dynamics of sediments

and solid substrates such as coralline algae (Larkum et al.

2003). Integration of other optical sensor chemistries in the

magnetic sensor particles could expand such studies to

encompass, for example, measurements of pH (Mistlberger

et al. 2010a, b) and temperature (Borisov and Klimant

2008a, b; Borisov et al. 2010) dynamics over complex

biotic and abiotic interfaces in the aquatic environment.
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Glud RN, Kühl M, Kohls O, Ramsing NB (1999) Heterogeneity of

oxygen production and consumption in a photosynthetic micro-

bial mat as studied by planar optodes. J Phycol 35:270–279
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modular luminescence lifetime imaging system for mapping

oxygen distribution. Sens Act B 51:163–170
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Köhler-Rink S, Kühl M (2005) The chemical microenvironment of

the symbiotic planktonic foraminifer Orbulina universa. Mar

Biol Res 1:68–78

Koren K, Mistlberger G, Aigner D, Borisov SM, Zankel A, Pölt P,
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Kühl M, Holst G, Larkum AWD, Ralph PJ (2008) Imaging of oxygen

dynamics within the endolithic algal community of the massive

coral Porites lobata. J Phycol 44:541–550
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Ultrabright planar optodes for luminescence life-time based

microscopic imaging of O2 dynamics in biofilms. J Microbiol

Meth 85:67–74

Ulstrup KE, Ralph PJ, Larkum AWD, Kühl M (2006) Intra-colonial
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