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1 LD1/2 Oxygen Electrode Chamber

1.1 Introduction

1.1.1 Introduction to LD1/2

The LD1/2 leaf-disc electrode chamber is a simple device for measuring oxygen exchange from a
10 cm2 leaf disc mounted within a sealed, gas-tight chamber. The LD1/2 is constructed from black
acetal with a cast acrylic top window allowing the sample to be evenly illuminated for
photosynthesis measurements using either the LH36/2R LED light source (when connected to the
Oxylab electrode control unit) or the LS2 high intensity white light source.

The apparatus was primarily designed to give a measure of photosynthesis in saturating carbon
dioxide. At 5% carbon dioxide stomata will normally close but the diffusion gradient is so large
that the closed stomata offer no sensible barrier to carbon dioxide entry. At concentrations of
carbon dioxide above 5%, inhibition of a variety of cellular processes will become increasingly
probable. At lower concentrations closed stomata will become increasingly important. Please note
that while alkaline buffers can be used to generate concentrations of carbon dioxide which would
be too low to induce stomatal closure, the cutting of the disc will often produce this effect and it
may then be some time before stomatal response becomes "normal".

1.1.2 Features of the LD1/2

A: Cast Acrylic Top Window.
B: Water Jacket.
C: Water Jacket Connectors.
D: Leaf Chamber.
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E: S1 Electrode Disc.
F: Base ring.
G: Securing Clasps.
H: Gas Port.

1.2 Setting up the LD1/2

1.2.1 Installing the S1 Electrode Disc in an Electrode Chamber

Before installing the electrode disc into the chamber, it should be correctly prepared according to
the guidelines set out in the Electrode Preparation section.

Once the disc has been prepared and suitably tested, it is now ready to be installed in the
electrode chamber.

Remove the base ring from the electrode chamber and place the prepared electrode disc onto the
top.

Offer the base ring and disc assembly up into the underside of the main body of the electrode
chamber so that the electrode cable connection fits with the key way on the chamber base thread.
Gently hold the base in position while threading the base ring onto the electrode chamber so that
it is slightly more than finger tight.

IT IS IMPORTANT NOT TO OVER-TIGHTEN THE BASE RING AS THIS WILL CAUSE THE MEMBRANE
TO STRETCH OVER THE ELECTRODE DOME. DURING MEASUREMENT, WHEN THE MEMBRANE
STARTS TO RELAX, THE MEASURED SIGNAL WILL DRIFT.

Ensure that the electrode remains polarised in order to prevent the electrode from drying out
whilst other preparations are made prior to measurement.

1.2.2 Checking for Leaks

Once an electrode disc is giving a stable signal, the electrode response may be used to test the
system for leaks. Fit the electrode disc into the base of the electrode chamber as described above.
Insert a gas-tight syringe into one of the gas taps whilst ensuring that the second gas-tap is in the
closed position. Inject or remove air (typically 1 ml) from the chamber using the syringe. Either
way, a rapid positive or negative response should be observed and no further drift should be
detected. It should be noted that the electrode signal should be very stable if the tap is open. If
excessive drift occurs when the tap is open then the electrode has not yet stabilised (some
downward drift always occurs when the potentiating voltage is first applied but if this has not
fallen to negligible proportions within half an hour then the electrode itself may require attention).
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Removing 1 ml of air from the chamber will induce a rapid negative response in electrode signal.
Once the signal re-stabilises, no further drift should occur (A in diagram below). A gradual upward
drift (B in diagram below) may indicate a leak in the chamber allowing ambient air entry.

When the tap is closed, some downward drift will always be observed at higher gain but, in
normal use and normal gain, it should be negligible. It is caused by oxygen consumption at the
cathode. It can be diminished by using less amplification but not without loss of sensitivity (see
e.g. Delieu & Walker, New Phytol. 71, 201-225 (1972)).

If the electrode chamber leaks then the only likely possibilities are that one or more of the O-rings
involved in sealing the chamber are insufficiently compressed, incorrectly seated or worn. 

Also, check that the luer fit between the gas tap and port is properly made and gas tight. This can
be checked by removing the suspect tap and repeating the leak test with the syringe fitted directly
to the gas-port.
It is also important to ensure that the 2 O-rings on the prepared electrode disc are in place. If the
leak is still not detected once all the O-rings have been checked / replaced, please follow these
guidelines carefully however it should be noted that this practice should be used as a last resort.

Inject several ml of air into the chamber and close the gas tap. Disconnect the electrode
connection cable and submerge the entire electrode chamber in a bowl of water. Rising bubbles
will show the location of the leak.

IT IS CRITICAL THAT THE CONNECTOR OF THE ELECTRODE DISC IS DRIED THOROUGHLY BEFORE
MEASUREMENTS PROCEED AS LIQUID IN THE CONNECTOR WILL CAUSE SHORT CIRCUITS.
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1.2.3 Preparing the Sample

Typically a 10 cm2 leaf disc is cut from the sample material using the circular cutting tool provided
and placed on a sandwich of materials which is inserted into the reaction chamber as shown in
the diagram below.

In the Ld1/2 electrode chamber the leaf disc (A) is supported by a sandwich of materials. Beneath
the leaf is a stainless steel grid an unperforated centre (B), layer of capillary matting (C), stainless
steel grid with open centre (D), sponge spacer (E) and a stainless steel washer (F) which locates
nearest the electrode disc.

The purpose of the sandwich of materials is to support the leaf sample above the cathode whilst
still permitting adequate diffusion of evolved oxygen through the floor of the reaction chamber to
the cathode of the electrode disc.
A stainless steel washer with a hole in the centre locates around the cathode to provide a
foundation for the other layers. These consist of a sponge spacer and a layer of bicarbonate
treated capillary matting (please refer to the Maintaining Carbon Dioxide Inside the Reaction
Chamber section) separated by a stainless steel grid. A further stainless steel grid with a closed
centre supports the leaf sample above the capillary matting to allow gas exchange by the leaf.
The closed centre in the steel grid prevents actinic light transmitted through the leaf interfering
with the electrochemical reaction which occur at the cathode.

The sandwich of materials is loaded into the reaction chamber using the loading tool to align the
layers. The loading tool should be seated around the edge of the chamber whilst the layers are
gently lowered in sequence through the centre of the tool.
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A stainless-steel leaf disc cutter is provided. This should be used in conjunction with a soft rubber
pad held behind the leaf during cutting and should not be allowed to become blunt. The cut disc
has an area of 10cm2. The size of the disc ensures that the proportion of cut cells to intact cells is
negligible. Once the sample is in place, the loading tool should be removed carefully to avoid
disturbing the alignment. The O-ring which seals the reaction chamber is then added around the
edge of the sandwich and the top of the chamber lowered and sealed using the clips on the side
of the chamber. If a 10 cm2 leaf disc has been used the upper surface of the leaf sample should
fill the visible area of the window of the chamber. If this is not the case the alignment of the
sandwich has been disturbed which will result in failure to illuminate all of the leaf area properly.
The chamber should be opened and the sandwich re-aligned with the loading tool.

SMALLER SAMPLES WITH AN AREA LESS THAN 10 CM2 CAN BE MEASURED IN THE ELECTRODE
CHAMBER. FOR PROPER ILLUMINATION THEY SHOULD BE PLACED IN THE CENTRE OF THE

REACTION CHAMBER AT THE TOP OF THE SANDWICH. IT IS ADVISABLE TO MEASURE THE AREA
OF SAMPLE PRIOR TO INSERTION SO THAT MEASUREMENTS OF OXYGEN FLUX CAN BE

NORMALISED ON A UNIT AREA BASIS. IT SHOULD BE REMEMBERED THAT SMALL SAMPLES WILL
GENERALLY YIELD SMALLER OXYGEN SIGNALS WHICH COULD BE HARDER TO RESOLVE. A

COMMON TECHNIQUE TO OVERCOME THIS WITH LONG THIN LEAFED SAMPLES SUCH AS GRASS
SPECIES IS TO FILL THE 10 CM2 AREA WITH A NUMBER OF LEAVES ADJACENT TO EACH OTHER.

1.2.4 Maintaining Carbon Dioxide Inside the Leaf Chamber

During photosynthesis carbon dioxide is removed from the environment and reduced to
carbohydrate within the leaf. In a sealed or "closed" system such as the gas phase oxygen
electrode, the concentration of carbon dioxide will gradually decline as photosynthesis proceeds.
Eventually the availability of carbon dioxide will limit the rate of photosynthesis rather than any
inherent physiology of the sample.

The time before such artefacts appear is determined by several factors, namely the rate of carbon
dioxide consumption by photosynthesis and the quantity of carbon dioxide sealed in the reaction
chamber at the beginning of the experiment. Under standard atmospheric conditions air contains
approximately 0.035% carbon dioxide by volume. Hence the reaction chamber of the empty
electrode unit contains approximately 245 µl of carbon dioxide (0.035 % x 1000 x the volume of
the reaction chamber 7 ml). A typical healthy 10 cm2 C3 leaf disc can easily consume 50 µl carbon
dioxide min-1 which could cause the leaf disc chamber to become depleted within 4 - 5 minutes
(Walker 1987). It is also possible that desiccation of the sample over a period of time could cause
leaf stomata to close, restricting entry of carbon dioxide to the interior of the leaf where
assimilation occurs. An elevated ambient carbon dioxide concentration reduces the risk of such
problems by increasing the total amount of carbon dioxide in the reaction chamber and the
diffusion gradient for carbon dioxide entering the leaf. Normally carbon dioxide concentrations in
the order of 1% are used to reduce the possibility of excessive carbon dioxide affecting other
cellular processes (Walker 1987).
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Several techniques can be used to increase the carbon dioxide concentration of air in the reaction
chamber to around 1%. The most common method is the addition of a small amount of
bicarbonate buffer to the capillary matting the reaction chamber. If a bicarbonate solution left to
equilibrate with an equal volume of air at around 25°C , the solution will dissociate to [HCO3-] and
[CO2] in a ratio of nearly 90 : 1. Using this information it is possible to calculate the quantity of
bicarbonate solution which is required to yield a 1% carbon dioxide atmosphere in the volume of
the reaction chamber. The calculation is as follows:

A 1% carbon dioxide atmosphere contains 10 ml carbon dioxide per litre of gas. Since 1 mole of an
ideal gas occupies a volume of 24.45 L at 25°C, 10 ml of an ideal gas at 25°C will contain 1 /
(24.45 x 1000 x 10) or 0.409 mmoles i.e. the concentration of carbon dioxide in a 1% atmosphere
is 0.409 mM. As bicarbonate dissociates in ratio of 90 :1 a bicarbonate solution 90 times as
concentrated will dissociate to yield a 1% carbon dioxide atmosphere. The concentration of such a
solution will be 90 x 0.409 of 36.81 mM.

In the reaction chamber of the LD1/2 electrode the capillary matting is usually treated with 2 or 3
drops of bicarbonate solution ( 0.2 ml) which is left to equilibrate with a greater volume of air ( 7
ml). Hence the concentration of the bicarbonate solution must be scaled up by a suitable factor
(7 / 0.2 or 35 times). As a result 2 or 3 drops of a 1M bicarbonate solution is usually sufficient to
yield a 1% carbon dioxide atmosphere in the reaction chamber.

SODIUM OR POTASSIUM BICARBONATE IS FREQUENTLY USED. A MOLAR SOLUTION CONTAINS
84.01 GL-1 SODIUM BICARBONATE OR 100.12 GL-1 POTASSIUM BICARBONATE.

The carbon dioxide concentration can be controlled more precisely by mixing pure cylinder gases
in defined concentrations. Premixed "special" gases can be purchased to order or gas from
cylinders of pure oxygen, nitrogen and carbon dioxide can be mixed in defined ratios using mass
flow control valves or Wöstoff pumps. The carbon dioxide concentration of such a blend can be
verified using an infra red gas analyser (IRGA) and adjusted to precise requirements. The gas
mixture can then be flushed through the LD1/2 chamber to displace atmospheric air by opening
both taps.

If a number of experimental protocols are performed consecutively on the same sample or if
experiments involving high rates of photosynthesis are carried out, it is possible that the carbon
dioxide content of the 1% carbon dioxide atmosphere in the reaction chamber will be insufficient.
The use of carbon dioxide concentrations in excess of 1% is not advisable due to the risk of
artefacts induced by elevated carbon dioxide effects on other cellular processes. Hence it may be
necessary to re-charge the chamber with carbon dioxide during a protocol. This is done by
unsealing the reaction chamber by opening both taps and flowing air containing elevated carbon
dioxide through the chamber to replace the carbon dioxide depleted air. Ideally this should be
done with a known gas composition which has been warmed and humidified to the same extent as
the chamber air. However if gas mixing apparatus is unavailable enhanced levels of carbon
dioxide can be achieved by passing exhaled air through the chamber.
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ANY AIR WHICH IS FLOWED THROUGH THE CHAMBER SHOULD BE PRE-EQUILIBRATED TO THE
TEMPERATURE OF THE CHAMBER. THIS IS DONE BY BREATHING EXHALED AIR INTO A SEALED

CHAMBER STORED IN THE CIRCULATING WATER-BATH WHICH CONTROLS THE CHAMBER
TEMPERATURE. AIR CAN BE TRANSFERRED AND FORCED THROUGH THE OPEN LD CHAMBER VIA

SYRINGE. AFTER REMOVAL OF THE SYRINGE FROM THE TAP IT IS IMPORTANT TO LEAVE THE
CHAMBER OPEN FOR A FEW SECONDS TO ENSURE THAT THE AIR PRESSURE INSIDE THE

CHAMBER HAS NOT INCREASED.

In the presence of carbon dioxide, Clark-type oxygen electrodes normally develop bicarbonate in
the electrolyte. This is because hydroxyl ions are generated at the cathode as oxygen is reduced
and these react with carbon dioxide diffusing through the membrane. In some circumstances (e.g.
if the carbon dioxide in the chamber is at a high partial pressure and if the oxygen consumption at
the cathode is low, as it will be if no oxygen is being evolved within the chamber) the entry of
carbon dioxide will exceed the formation of hydroxyl ions and the electrolyte will become acid. In
consequence, the residual current will rise and, particularly if the electrode is being used at its
maximum sensitivity, an appreciable artificial signal may be recorded. Under extreme conditions
this can make the apparatus unusable because the spurious signal increases with time and,
therefore, varies with the immediate past history of the electrode.

1.2.5 Temperature Control

1.2.5.1 Introduction to Temperature Control

All experimental assays will have an optimum temperature at which the sample will be most
efficient in either evolving or consuming oxygen and it is important that this experimental
temperature is maintained at all times throughout the duration of the experiment. This includes
ensuring that any additions to be made to the reaction vessel during the experiment are pre-
equilibrated to the assay temperature before being added.

According to the studies of G.A. Truesdale and A.L. Downing (The solubility of oxygen in water,
1954, Nature 173: 1236), at any given temperature and atmospheric pressure, air saturated, de-
ionised water contains a known concentration of dissolved oxygen which may be calculated
mathematically.

Oxygen concentration in a liquid decreases as temperature increases which is why it is important
that the assay temperature is established for both the sample and any additions prior to the
commencement of the experiment. However, in addition to this effect, the oxygen electrode disc
itself is also sensitive to temperature.

The electrode disc signal increases with an increase in temperature. In assays where higher
temperatures are used (such as mitochondrial respiration studies), it is recommended that the
disc is fully equilibrated to the assay temperature before any calibration or measurement takes
place. This can take up to 15 minutes.
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Therefore, it is not just liquid-phase measurement systems that are temperature critical; gas-
phase systems are equally susceptible to fluctuations in temperature.

The assay temperature needs to be decided as one of the initial considerations of the experiment
as the apparatus is calibrated based on a specified temperature.

With the exception of the Oxytherm Peltier chamber, all other liquid and gas-phase electrode
chambers provide temperature control to the sample and disc via a water jacket which
encapsulates the reaction / sample vessel. In liquid-phase systems, the vessel is constructed from
borosilicate glass allowing an efficient heat transfer between the circulating water and the
sample, thus maintaining effective temperature control.

In gas-phase electrode chambers, the sample is separated from the circulating water by a quartz
window which also provides an effective thermal transfer.

The water jacket should be connected, using the plastic connectors provided, to the flow and
return tubes from a thermoregulated circulating water bath.

In DW1, DW1/AD and DW3 electrode chambers, connect the flow tube to the lower water jacket
connector and the return tube to the upper water jacket connector. This ensures that a fresh
supply of water is constantly flowing around the DW1 water jacket and assists in dispersing any
air bubbles which will rise naturally to the upper outlet port. In all other electrode chambers, the
water jacket connectors are on the same plane so flow/return tubes may be connected to either
connector.

The tubing lengths between the circulator and the electrode chamber should be kept minimal in
order to maintain good temperature control. A circulator providing a flow rate of 6 litres/min or
more is recommended.

Although the water jacket gives more positive control of sample temperature than many systems
in which control is effected entirely by circulated air, it is, like them, entirely incapable of rapidly
dissipating heat generated within the chamber by light containing a large infra-red component.

Appropriate filters (water, copper sulphate solution, interference filters, heat-reflecting mirrors
etc) should therefore be employed when using a light source. Light saturation without heating is,
of course, extremely difficult to achieve but the fact that the electrode is itself very responsive to
small changes in temperature provides an easy method of checking the effectiveness of any light
filtering system which is employed.

Halogen white light sources such as the Hansatech LS2 and the discontinued FLS1 light source
produce a significant amount of heat. These light sources were fitted with an infra-red reducing
hot-mirror filter in order to reduce the heating effect of the light source.

All current Hansatech light sources contain LED emitters which produce significantly less heat
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output.

1.2.5.2 Temperature Effects on Liquid-Phase Samples

According to the studies of G.A. Truesdale and A.L. Downing (The solubility of oxygen in water,
1954, Nature 173: 1236), at any given temperature and atmospheric pressure, air saturated, de-
ionised water contains a known concentration of dissolved oxygen which may be calculated
mathematically.

This data is based on measurements of dissolved oxygen in water at the given temperature and
standard atmospheric pressure published by Truesdale & Downing (Nature 173:1236, 1954).

The formula used in calculating the oxygen values in the table is as follows:

Cs=14.16 - (0.394 * T) + (0.007714 * T^2) - (0.0000646 * T^3)

(Where Cs is the oxygen saturated concentration in ppm and T is temperature in °C)

1 ppm is equivalent to 1µg/ml or (1µg/32g/mol) = 0.03125 µmol/ml or 31.25 nmol/ml

1.2.5.3 Temperature Effects on the Electrode Disc

The electrode disc signal increases with an increase in temperature. Therefore, the response from
the disc opposes that of the oxygen signal at different temperatures. In assays where higher
temperatures are used (such as mitochondrial respiration studies), it is recommended that the
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disc is fully equilibrated to the assay temperature before any calibration or measurement takes
place. This can take up to 15 minutes and can be observed as follows:

· Prepare the electrode disc and mount correctly into the base of the electrode chamber. For
liquid-phase chambers, add a 1ml, stirred sample of air-saturated, de-ionised water that is pre-
equilibrated to the experimental temperature to the chamber.

· Connect the water jacket(s) of the electrode chamber to the supply from the circulating water
bath (Refer to Setting Up Temperature Control section for more information).

· Begin a recording from the electrode disc and observe the oxygen signal. If the experimental
temperature is high (e.g. 32°C), the signal from the electrode disc will initially rise due to the
temperature sensitivity of the disc.

· Once the disc begins to equilibrate to the temperature, the signal will begin to decline as the
higher temperature effect on the sample is opposite.

· Once the signal from the disc has re-stabilised, the disc is equilibrated to the assay temperature
and calibration may be performed.

1.3 Care and Maintenance

1.3.1 LD1/2 Disassebly

The cast acrylic top window of the LD1/2 simply unscrews allowing the inside of the water jacket
to be cleaned. Take care not to expose the Perspex (Plexiglas) top window to undiluted ethanol,
acetone etc. Please note that the large O-ring which seals the leaf chamber to the quartz glass
window of the top section should be checked for its condition from time to time and replaced if
necessary. If it becomes perished it is possible that the leaf chamber will no longer be gas tight.
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1.3.2 LD1/2 Spare Parts

· A: Cast Acrylic Top Window
Part No. 820051

· B: Spare O-Rings
   Part No. S8B
· C: Water Jacket
   Part No. 941000
· D: Gas Port
   Part No. 820055
· E: Base Ring
   Part No. 820054
· F: Leaf Chamber
   Part No. 941001

· Electrode Disc 
     Part No. S1
· Quartz Window for Base of Water Jacket 
     Part No. 885201
· Spare O-Rings
    Part No. S8B
· Sample Supports 
    Part No. S14
· Gas-Taps and Syringes
     Part No.S15
· Leaf Cutter Tool 
   Part Np. 941002
· Leaf Alignment Tool 
   Part No. 941003
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