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Abstract

Accurately measuring dissolved oxygen concentrations in fresh and salt water environments has long been an interdisciplinary priority. Many
methodologies exist, including two very promising new ones, optical fluorescence quenching optrodes (or optodes) and solid-state voltammetric
electrodes. In this study we compare the responsiveness of these two techniques to dynamic changes in dissolved oxygen concentrations, usin
traditional methods of polarographic oxygen sensors and Winkler's chemical titrations to corroborate the measurements. Advantages of the
optrode system include simplicity of operation and high sensitivity when changes in oxygen concentrations are/sh@alit O, min=1).

Advantages of voltammetry include equally high sensitivity, independent of rate of change of oxygen concentration, and the capability of
simultaneously measuring other chemical species. Both systems have the capability of producing high-resolution, continuous oxygen profiles
by collecting and reporting real-time data. Kinetic estimates of the binding and dissociation constants for the ruthenium—oxygen complex
in the optrode revealed a relatively long half-life of the?ReO, complex for dissociationt{,, of 43.2's to equilibrate from a 100 to 0%

O, saturation change). In contrast, the?Re0, association constant was 5.0 times fastgp f 8.6 s to equilibrate frm a 0 t0100% G

saturation change). Therefore, because of these differential kinetics, researchers should take care when using a ruthenium-based optrode t
measure real-time dissolved oxygen concentrations undergoing temporal variability.

© 2004 Published by Elsevier B.V.
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1. Introduction: sediment—water interfadé,2], or in the case of heavily eu-
trophied or stratified systems, higher in the water column
The reduction of oxygen to water (aerobic respiration) [3-5]. Accompanying the transition from oxic to anoxic (or
and the converse oxidation of water to oxygen (oxygenic sulfidic) waters are steep gradients of various oxidants and
photosynthesis) are two of the most fundamental biological reductants, making precise measurements of low concentra-

redox reactions in our biosphergds. (1) and () tions of oxygen (and other constituents) particularly desir-

Oy+4Ht+46~ — 2H,0 (1) able in biogeochemical studies. The importance of measur-
ing concentrations of dimolecular oxygenx)Glso crosses

2H,0 — 4H"+4e"+0; ) broad biological disciplines, from ecosystem structure to

In all marine environments there is a boundary transition cellular function.

from oxic to anoxic conditions, driven by the decomposi-  Consequently, the marine sciences have a long history of

tion of organic matter exhausting the supply of available developing techniques for measuring dissolved oxygen con-
oxygen. Subsequent organic oxidation reactions require al-centrations: redox chemical titratiof§], Cartesian divers
ternate oxidants from the manganese, nitrogen, iron, and[7-9], polarographic oxygen sensof$0,11] coulometric
sulfur systems. Such a boundary can occur at or below thecapacitance respirometet?—14] couloximetric respirom-
eters[15,16] solid-state voltammetric electrod¢$7,18]
* Corresponding author. Teks 1-3026454367. and optical fluorescence quenching [optodes or optrodes
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New technological approaches to measuring dissolvedthe spectrophotometer and a computer allowed the emission
oxygen concentrations have been developed because of anaxima (597 nm) to be continuously monitored using the
combination of needs: increasing sensitiyit], decreasing manufacturer’s software (OOIFOXY). Two-point calibration
sample volumes<£100pl) [23], and reducing the technical concentrations using 0% ¢gNpurged) and 100% (aerated)
expertise necessary to make measuremgit22] Two O, saturated seawater or freshwater were used to calibrate
recently developed methodologies (optrodes and solid-statethe fluorescent quenching response of the optrode using the
voltammetry) have received considerable interest in ma- manufacturer's recommended procedures and software. At
rine science because of the micro-scale measurements thegll times, temperatures of the reference and experimental
are capable of making. Optrodes are promising because ofsamples were kept constant by using circulating water baths
their simple operation and high sensitivity. Voltammetry is with antagonistic heaters and chillers. This optrode system
promising because of high sensitivity and flexibility in si- has been successfully used for measuring oxygen consump-
multaneously measuring other ionic species in solution. Both tion rates in the zoeal larval stages of the Asian shore crab,
systems are advantageous because of their ability to makeHemigrapsus sanguiney21]. All methodologies used in
real-time, continuous measurements, in small volumes, any one experiment were calibrated simultaneously using
without measurement-induced consumption of oxygen con- the same standard solutions.
founding their accuracy or precision. Thus both systems are
very attractive because of the potential for making measure-2.2. Solid-state voltammetric electrodes
ments under dynamic conditions, yet no studies have actually
been conducted to compare or calibrate the dynamic respon- With the solid-state gold/amalgam (Au/Hg) microelec-
siveness of either methodology. In this study we compare trode, oxygen, sulfur species, iodide, Fe(ll), Fe(lll), Mn(ll),
the temporal responsiveness of optrodes and voltammetricand FeS can all be simultaneously measUfei7,28]be-
electrodes while performing controlled changes in the dis- cause each redox species, if present, produces a current peak
solved oxygen concentrations in seawater and freshwater. that can be discriminated from others in one potential scan

from —0.1 to—2.0V (analogous to varying wavelength and
measuring absorbance with UV-Vis spectroscopy). Further-

2. Materials and procedures more, since the voltammetric electrode scans a range of po-
tentials, rather than constantly resting at a single potential,
2.1. Optical fluorescent probes consumption of the ion species measured is undetectable.

Briefly, a standard three-electrode cell was used in all

Several methodologies have been developed for the op-electrochemical measurements. The potentiostat used was
tical detection of @, however, the most commonly em- a portable Analytical Instruments Systems, Incorporated
ployed strategy depends on the quenching response of arnfAlS, Inc.) DLK 100a electrochemical analyzer. The work-
oxygen sensitive fluorophore, such as transition—metal or-ing electrode was a gold amalgam (Au/Hg) electrode of
ganic complexe$24]. In general, electrons can be excited 0.1 mm diameter, sealed with epoxy into commercially
in the metal—-organic complex at a specific wavelength of available polyethyletherketone (PEEX) tubing [17,18]
light (Lex), and once the excitation energy in those elec- Counter (Pt) and reference (Ag/AgCI) electrodes, each of
trons is released, the complex will emit light at a different 0.5mm diameters, were also made in PEEKtubing.
wavelength Xem, simple fluorescence). However, these flu- Linear sweep voltammetry (LSV) was employed, scan-
orophore compounds are also reactive with oxygen, which ning from —0.1 to —2.0V at a scan rate of 1000 mV}
will bind the transition metal moiety and block (quench) the although scan rates of up to 5000 mAshave been suc-
fluorescence activity of the compouiizD,25] The amount cessfully employed to further reduce time required for data
of inhibition or quenching is directly proportional to the con- acquisition. Electrochemically conditioning the electrode
centration of oxygen surrounding the compound and thus, between scans removed any chemical species from the
guantifying the inhibition of fluorescence is used in optrode surface of the electrode, restoring it for the next measure-
systems to optically measure oxygen concentrations in so-ment. Electrodes were calibrated in 0%3(Nurged) and
lution [26,27]. 100% (air-saturated) £saturated seawater (or freshwater,

In this study, a commercially available optrode has been depending on experiment) prior to experiments, and repol-
used (Ocean Optics, single-channel FOXY system, Boca Ra-ished, replated, and re-calibrated if sensitivity was lost. The
ton, FL, USA). The optrode detector consisted of a 1 mm detection limit is about M for O.
diameter optical fiber cable encased in a stainless-steel tube The Advanced Analysis software package (AIS, Inc.)
with a ruthenium (R&") organic complex coated on the was used for manually analyzing peak heights of individual
detection window of the fiber, and protected by another, voltammograms that are generated during data acquisition.
silicon coating. A pulsed blue LED light source (LS-450) In order to provide rapid analysis of continuous measure-
provided an excitation wavelength of 470 nm, a scanning ments over long periods of time (generating thousands of
spectrophotometer (USB2000) monitored the full-spectrum voltammograms), a software application was written to
light emission (400-800 nm), and a USB interface between provide automatic analyses of peak heights and positions



B.T. Glazer et al./Analytica Chimica Acta 518 (2004) 93-100 95

for the direct calculation of @ concentrations (ScanVolt
1.0: C++, Win2000 OS, with full GUI support). The 108
application’s output was repeatedly checked against man- ]
ual peak height measurements throughout the experiments
Over 4400 voltammetric scans were analyzed for the data
presented irFigs. 2—4
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2.3. Corroborative measurements
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In addition to the continuous measurements using op- g

trode and voltammetric electrode sensors, oxygen was pe- ] \
riodically measured using Winkler titrations, and a Yellow 18 o B s o e 0%
Springs Instruments (YSI) Model 5100 bench top dissolved () Volts vs. Ag/AgCI

oxygen meter equipped with a YSI Model 5010 self-stirring
Clark-type polarographic (amperometric) membrane elec- 4000+

trode. The YSI meter and probe were calibrated to 0% r\
(N2 purged) and 100% (fully aerated) saturation according
to manufacturer’'s specifications. The YSI system automat-
ically compensates for changes in temperature, giving it a
potential advantage over other methods in field applications.
Winkler titrations followed the protocol of the Chesapeake
Bay Institute]29], incorporating dispensettes for reagent ad- 10004
dition, and a Metrohm autotitrator (model 716 DMS Titrino)

for titration. 1 i ll
2.4. Calibration protocol 400 500 600 700 800 900 1000
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Instrument calibration is of particular importance for _ . Lo
. di ved b dard additi Fig. 1. (a) Representative voltammograms ¢f €libration in seawater.

mea_su”ng 'SSO Ve_ oxygen because standard a |t|0|’_18 OEjectrochemical reduction of oxygen to peroxide at the electrode surface
mUltl-pOlnt calibration curves are Currently prOblematlc. is measurable as the peak-a0.65V (Ep). The current peak (difference
All measurements were performed at sea level, so no at-between current at-0.2 and—0.65V = 56 nA) is proportional to the
mospheric pressure corrections were needed. Furthermoregoncentration of dissolved oxygen in the sample<(8). The voltage at
constant temperature was maintained and salinity was rnea_the half-height is calleé; ». The peak at-1.67 V represents the reduction '

d bef d af . . of the newly formed peroxide at the electrode surface to water, and is
sured before and aiter experlments to ensure no evapor‘titlo%qual to the signal for oxygen if no ambient peroxide is present (difference
took place. We followed the air-saturated water calibration petween current at1.0 and—1.67 V = 56 nA). In environments such as
guideline established by the USG30]. Briefly, water of biofilms and microbial mats, an excess of peroxide has been observed,
the same temperature and salinity as the targeted Samp|éndicating a background concentration of peroxide in the environment
was aerated with an electric pump and gas diffusion stone 34} After 10min of purging the sample withNor Ar gas, the peaks
for 510 min. For 100% saturation, theoretical oxygen sat- . not visible, indicating no oxygen was present{(4, MDL = 3y.M).
or - : 0 ’ ya > (b) Calibration of the optrode plot of excitation and emission for the
uration was calculated based on temperature and salinityruthenium dye complex. The optrode surface is excited by exposure
[31] and assigned to the current maximum for the electrode, to 470nm light with a corresponding fluorescence~&00nm that is
and the fluorescence—quenching maximum for the Optrode_quantitatively proportional to the presence of oxygen associated with the

- . -+

The same solution was then purged of oxygen using argonRUZ fluorophore.
or nitrogen gas through the diffuser. Zero percent oxygen
saturation was assumed when no detectable current wasvas utilized to achieve 100% saturation, and argon or nitro-
present for the electrode and fluorescence was 100% for thegen gas was used to achieve decreases in oxygen concentra-
optrode. Optrode, voltammetric electrode, and YSI mem- tion (Figs. 1A,B and 2 To achieve a slow, defined rate of
brane electrode were simultaneously calibrated in the samechange in dissolved oxygen concentrations over longer pe-

solutions, which were also assayed directly with Winkler riods of time a computer-controlled recirculating sea water

titrations. system was usefB2], employing a negative-feedback de-
sign, where oxygen concentration was regulated in response
2.5. Experimental control of dissolved @oncentrations to deviations from a user-defined setting. The system con-

sisted of a PC running a LabVIEW virtual instrument
Dissolved oxygen concentrations were manipulated by (LabVIEW™, National Instruments Corp.) interfaced with
one of two methods for the following experiments. For dis- a microcathode, polarographic oxygen electrode coupled to
crete measurements and calibrations, an aquarium air pumpan analog Strathkelvin Model 781 oxygen meter and a re-
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circulating aquarium system equipped with compressgd O 250
and N\ sparging lines in the head tanks. This system has the
capacity to regulate oxygen at constant or cycling levels for 2004

indefinite periods of time. Adjustments to the system were
made at~2 min intervals to maintain tight control over de-

sired profiles of changing oxygen concentrations. The oxy- =—
gen concentration in the head reservoir was increased or
decreased as necessary through the addition of compressed «,
O2 or Np, respectively. Thus, oxygen concentration in the

TS0 C

—
o
o
1
DO 0 Q7 NQKDR e

experimental container was indirectly regulated by the flow 504 O electrode
of oxygenated or de-oxygenated water from the head tank. optrode
This method of adjustment minimized rapid fluctuations in o4 O --- saturation

ambient oxygen concentration that are ordinarily introduced
by the direct addition of compressed gas to an experimental
container.

00:00  12:00 2400 36:00  48:00
Elapsed Time (hh:mm)

Fig. 2. Forty hours of continuous measurements by the electrode and

optrode in the same seawater sample. Temperature was maintained at
3. Assessment 20°C and salinity was 34, making 100% saturation gB1 O,. Electrode

and optrode measurements were synchronized and taken every 13 min.

Both voltammetry and optical fluorescence methodolo- D!ssolved oxygen concentration was lowered by purging a _headspace
with N2, or opening the headspace to the atmosphere, allowing for O

gies produce a dynamic output response that covers a SPecgiysion back into solution.
trum of energies: electron reduction potentials and visible

light spectrum, respectively. In the representative calibration 0, is rapidly increasing,
voltammograms Kig. 1A), a peak in current (nA) occurs
on the voltage ramp at the potential specific for the redox
species of interesEgs. (3) and (4) For &, Ep andE; > can
shift more negatively with increasing scan rate (1000 mV/s
throughout this study).

the optrode signal appears to lead
the electrode signal in terms of responding to the increase
in availability of O,. Conversely, when &is rapidly declin-
ing, the electrode signal appears to lead the optrode signal
in responding to a lower availability of £ Although both
systems reflect high stability and equivalent stable measure-

Oy + 2HT + 26~ — H,0,, ments_, they appear to have different dynamic eharacteristics
associated with how they respond to changesdrt@nhcen-
Ep = —065 V, E1/2 = —049V (3) trations.
N 3 Using a controlled @ gradient, we were able to charac-
H202 +2H™ +2e” — 2H0, terize the dynamic response of these sensors with greater
Ep=-167V, Ei»=-144V (4) resolution in terms of their @sensitivities, cycling between

: o , 50 and 100% saturation over 6 kig. 3). A slower rate
The magnitude of the current peak is directly proportional

to the molar concentration of these molecules in solution
[33]. Note the reproducibility of the several repetitive scans
for both 0 and 100% @saturation. In the case of optical
fluorescenceKig. 1B), peaks in the emission light spectrum 250
associated with Rl fluorescence are quantitatively related
to the molar concentration of On solution[25]. A clear

2TBA BWeccon s omsmonmesamns ML

225

advantage to interpreting the output response of these two = 2004

techniques is that they provide a spectrum or data profile for =

analysis. A simple visual inspection of the profile is often O 175+ electrode

sufficient to ensure the quality of the data being collected | 5. 4~ °° optrode

during an experiment. Lty 4 Winkler
The first critical assessment of the dynamic response of 125 A Takmien

both sensor technologies was to determine the stability of — — e Sturaon

their measurements over long periods of time (48 h). Both 00:00 0300 0600 0900  12:00

detection methodologies are completely solid-state and the Time (hh:mm)

stability of the signal output evidences no appreciable sen-

sor drift even following rapid changes ino@oncentrations ; ) i ;

(between 0 and 100% saturation over 4Flg. 2). However optrode, with frequent Wlnkler and YSI eampllng. Tempe_rature was main-
R ) : ! tained at 22C and salinity was 0, making 100% saturation 212 O,.

the two sensors show an intriguing difference in the responsepissolved oxygen concentration was manipulated by a feedback-controlled

profiles to these large changes in €bncentrations. When  solenoid system controlling the mixing ofzNand G gas inputs.

Fig. 3. Twelve hours of continuous measurements by the electrode and
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of change in @ concentrations resulted in a closer signal when @ concentrations were rapidly cycle&ig. 4). The
profile between the electrode and optrode. However,,at O optrode response suggests a non-linear interaction between
concentrations below 75% saturation, thg €@ncentration the R#*-fluorophore and the availability of Osuch that
measured by the optrode was consistently higher than thewhen G concentrations are declining, the Rufluorophore
concentration measured by the electrode. In this experiment,does not release its bound oxygen proportionally to the rate
corroborative measurements using both direct Winkler titra- at which the external oxygen concentration is decreasing.
tions and YSI oxygen-probe measurements indicated thatThus, there is an apparent ‘lag’ in the optrode response in-
the electrode values were consistently equivalent to thesedicating that more time is necessary for the oxygen bound
other measurement techniques while the optrode measureby the RE* to come to equilibrium with the surrounding
ments were consistently higher when [@vels were below  water. Conversely, when £Oconcentrations are increasing,
75% sat. Overall, there is an apparent reduction in the mea-the R#*-fluorophore binds proportionally more oxygen
surement accuracy of the optrode system wherc@hcen- than the rate of increase in oxygen availability. Although
trations are changing, even over gradual gradient profiles. this results in an apparent ‘rapid’ response of the optrode
It is interesting to note that the YSI oxygen-probe mea- to increasing @, the optrode measurements are too high in
surements were lower than all three other methods when O comparison to the electrode and YSI measurements.
saturation was between 75 and 100%. It is possible that the First-order decay constants ih f(e ¥*)] were estimated
high O consumption rate of this probe confounds its mea- using the full “approach to equilibrium” data to character-
surements (even with active stirring). ize the formation and dissociation of the R®u-O, binding
Rapid cycling of Q tensions between 60 and 80% sat- complex when the optrode was exposed to 0% (Ar gassing)
uration (every 30min) was used to quantify the dynamic and 100% (air gassing) saturated distilled water (no ions
response of the techniques and to assess the sensitivity ofo confound the R# and G interaction). The decay con-
the optrode to variable OconcentrationsKig. 4). Corrob- stant for formation {k¢) was 4.82 min' (£0.03S.E.n =
orative measurements ohb@oncentrations were also made 7, r> = 0.982; Fig. 5 and the decay constant of disso-
with the YSI oxygen probe. The rapidity of the,@ycling ciation (~kg) was 0.96 min! (+0.01S.E.n = 7, r? =
that was maintained in the experimental system was too 0.964; Fig. 6). Overall, these decay constants indicate that
quick for the optrode to reach an accurate equilibrium with the R#t—organic complex has a 5.0-fold greater affinity
the surrounding water. During the experimental time course, (ratio ki:kq) for binding oxygen than for releasing it once
optrode measurements were always higher than the correit is bound. The dissociation decay constant can be used
sponding electrode and YSI measurements. to estimate the half-life of the Rt—O, binding complex
The optrode measurementshigs. 2 and 3how a slight when oxygen is removed from the system. This vatue)
delay in reaching an equilibrated reading (relative to the was 43.2 s indicating a relatively slow equilibration period
other methods); however, this inaccuracy was accentuatedfor this process. In contrast, the half-life of the unbound
Rt -fluorophore (at 0% saturation) was only 8.6 s when the
optrode was exposed to 100% saturated water. It is intrigu-

230
12009 ygtart = 0% o, i
= 1000 f
800 :
2101 § f |
i Q@ 600+ N
SRt D ol T
O 5 400-
=
190 L 200-
180 electrode ----- optrode O YS| meter 01 end = 100% O,
00:00  01:00 02:00 03:00 0400 0 1 2 3 4 5
Time (hh:mm) Time (minutes)

Fig. 4. Four hours of continuous measurements by the electrode andFig. 5. Pseudo first-order binding kinetics for the formation of the
optrode, with frequent YSI sampling. Temperature was maintained at RU/?*—0O, complex. Fluorescence intensity over time following the trans-
22°C and salinity was 0, making 100% saturation 22 The break in fer of the optrode between O and 100% Gaturated water used the
the electrode measurements (2:30—3:00 h) was due to a sequence error ifollowing model: rate of formation (loss of fluorescence)= ae™X,

the continuous data collection software. It is noteworthy that the optrode where —k = k¢. The model yielded a decay constant of 4.82mirmnd
deviates from the electrode by roughly 50% more at lower concentrations 1,2 = 8.6s. Initial rate theory revealed first-order kinetics (inset), yield-
than at higher concentrations. ing a rate constant of 8.32 mih andr» =5s.
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1200 - end = 0% O, first-order kinetics {; = 1.12min1, £0.04S.E.n = 7,
P2 = 0.979,11/2 = 36.9s). Application of these first-order
1000 - kinetic constants yields an equilibrium constakit£ ks / kq)
of 7.4, which is nearly 50% greater than the ratio of the de-
Q 8001 cay constants determined above (5.0). This difference most
. : Ilkely results from th_e calculation of the deca_y c_onstants
o 8 that includes the period of an approach to equilibrium. The
@ 400 2 kinetic constants give a more precise idea of the interaction
=] = rate between R and G, however, in practice, the sim-
C 200- _ 9 ple decay constants are more straightforward to calculate
/ * ime@minutes) and provide useful information regarding the kinetic perfor-
01 start =100% O, mance of an optrode system.

0 1 2 3 4 5
Time (minutes)

4. Discussion

Fig. 6. Dissociation shows mixed zeroth-order and first-order kinetics.

Fluorescence intensity over time following the transfer of the optrode ~ When the oxygen concentration was below P25
between 100 and 0% Lsaturated water used the following model: rate  Q, (75% saturation), the differences in measured oxygen

of formation (loss of fluorescence)= a(1 — e k), where—k = kq. The :
° concentrations were the greatest between the optrode and
model yielded a decay constant of 0.96 minand t12 = 432s. The 9 P

initial 0.4s of the reaction displayed zeroth-order kinetics £ 0.978) electrode K:'g' 3 ttest, P <.0'001)' This |mpll|es that the
followed by pseudo first order kinetics through lig & 1.12min 2, electrode measurements display a more rapid response to a
1172 = 36.95). sudden change in oxygen availability, while the optrode mea-

surements reflect the time-dependency required for reaching

equilibration. The key observation is that on a time scale of
ing to note the consistent response profile that was obtainedminutes the optrode response displays a chemical behavior
when the optrode was transferred from 0 to 100%6s@tu- that favors the retention of oxygen by the%flurophore.
rated water [ig. 5), in contrast to the level of variation in ~ Overall, the oxygen measurements of these two methods
the profiles obtained when the optrode was transferred fromdo not respond equivalently to rapid420uM O;min™1)
100 to 0% Q saturated waterHig. 6). This difference most  changes in oxygen concentrations, with the optrode mea-
likely results from micro-scale diffusion gradients that are surements exhibiting a response lag that is dependent upon
setup when the Ri—O, complex is dissociating and the the absolute concentration of oxygen present. Apparently
unbound Ré will repeatedly re-bind an ®molecule until the molecular mechanism of the ®u-O; interaction does
the O has diffusively moved away from the surface of the not result in a linearly proportional change in RuO,
optrode, even though vigorous turbulence from the gas bub-binding in response to rapid changes ip &ailability.
bling enhanced diffusion from the optrode surface in these The key to interpreting the different dynamic response
experiments. The Fdr-fluorophore’s 5.0-fold greater affin-  profiles of the optrode and electrode systems lies in consid-
ity for O likely produces a series of ‘re-binding’ events that ering the molecular mechanism of the signal produced in
are numerous and stochastic to produce the observed varithe presence of oxygen. The electrode system is straightfor-
ance in profilesKig. 6). ward, as an applied potential at the electrode surface results

In addition, we have estimated a pseudo, first-order ki- in a peak in current that is proportional to the concentration

netic constant for the Rti—O, formation using initial rate of the molecule in the solution. The more oxygen present,
theory to evaluate the kinetics of the interaction during the the greater the energy flu¥ig. 1A). In contrast, the op-
first 0.15 s of the reaction (from 0 to 60% of complete bind- trode provides an indirect measurement by assessing the
ing; Fig. 5inset). Theks estimated by a linear regression of binding kinetics between a Rb-fluorophore and @ by
In(fluorescence) against time was 8.32min(+0.52S.E., guantifying the resulting decrease in fluorescence. The more
n=7r%= 0.987,11/2 = 5s). This indicates that for the  oxygen present, the more the fluorescence will be quenched
optrode tested (with a protective silicon over-coating) the and hence the smaller the response signal willfig. (1B).
initial binding interaction is psuedo first-order, after which Thus the two biggest differences between these methodolo-
the interaction is determined by an approach to equilibrium, gies are: (1) the measured responses are inverse such that
which could be confounded by diffusion processes associ-at high @G concentrations the electrode gives high signal
ated with the silicon over-coating of the optrode used. The output while the optrode gives a low signal output, and (2)
kinetic constant for the dissociation of the Ru-O, inter- the reaction at the electrode surface is a direct one, involv-
action is more complex to asse$sd. 6 inset). The initial ing only oxygen and its electrochemical reduction while
0.4s (36% dissociation) of the reaction appears to display the optrode requires a binding equilibrium to be established
zeroth-order kinetics (data not showrf, = 0.978), while between the R&t-fluorophore and oxygen in order for the
the period from 0.4 to 1s (36—76% dissociation) evidences fluorescence inhibition measurements to be quantitative.
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Therefore, the binding kinetics of the Ru for oxy- However, the optrode system is rapidly gaining favor
gen are likely to produce the apparent discrepancies inin the marine sciences because of its combined ease of
optrode measurements when oxygen concentrations areoperation and accurady3,19,20,22] Despite the wealth
changing over short time intervals (30 min). If for any sin- Of calibration data using optrodes to demonstrate their ef-
gle optrode the actual molecular interaction between the ficacy for direct measurements of oxygen concentrations,
RUAt-fluorophore and molecular oxygen can be described this study represents the first critical evaluation of the dy-
as a simple first-order interaction, then the reaction can namic response of the optrode measurements to temporal

be described by just two rate constants governing their changes in oxygen concentrations. As more researchers
association and dissociation: look to using optrodes for dynamic profiling (real-time

respiration rates, water-column oxygen gradients, sediment

i 2 . . "
Rate of formation= f[Ru“*][O2] (5) oxic—anoxic transitions), there needs to be a greater em-
. i 24 phasis placed on understanding the temporal dynamics of
Rate of dissociatior= kq[Ru™"-0, complex] ©) the R#+—0O, binding kinetics in order to ensure that oxy-
- k¢ gen concentration measurements are accurate. Following
Apparent affinity constant K = ka (7) first-order kinetics indicates that the system is directly re-

sponding to the concentration of oxygen of the system.
If kf = kq, then the Ré"-fluorophore will both bind and  Following zeroth-order kinetics implicates adsorption dy-
release oxygen directly proportional to the concentration namics, possibly attributable to confounding dissolution
of oxygen in the external medium. In this scenario, the through a protective silicon overcoating (Atkins 1982).
Rt -fluorophore would evidence an almost instantaneous
equilibration between its associated @nd the dissoci-
ated Q surrounding it. However, ifks > kg, then the 5.
binding function would favor the retention of,(associ-
ated with the Ré&"-fluorophore and this would introduce 1.
a time-lag necessary for the amount of &sociated with
the Rt -fluorophore to reach an equilibrium with the
surrounding @ concentration. This is the case for the dy-
namic response profiles of the optrodeFigs. 2—4 where
ki > kq. Here, at any given concentration ob(a greater
proportion of the R&'-fluorophores are more likely to
be associated with ansOmolecule than without one. As
O, concentrations decrease, the instantaneous differences
between the proportions of associated versus dissociated
Ru?t—0, will increase, resulting in a greater discrepancy of
the immediate optrode signal response relative to the actual
O, concentrations. Even when time between measurements
was 13min Fig. 2) the optrode seemed to lag, suggest- 2.
ing that dissociation is hindered. A possible explanation
accounting for this is that the protective silicon coating
over the R&*-fluorophore is acting to retain or retarch O
diffusion away from the reactive surface of the optrode.

From the controlled @ profiles in this study, we can
estimate that changes inp,Qoncentrations in excess of
A10pM O, min~? are too rapid for a binding equilibrium
to be established at the surface of the optrode (0.78 mm
surface-response area). However, if the optrode is exposed
to lower rates of change inQthe period of disequilibrium
becomes less noticeable and hence, less of a confounding

Comments and recommendations

Both the optrode and electrode systems offer highly
accurate measurements of oxygen concentrations in a
real-time, continuous monitoring profile. The advantage
of the optrode is that the system is technically simple
to operate and maintain. (Typical costs are as follows:
Ocean Optics optrode, light source, and scanning spec-
trophotometer, US$4500; AlS DLK100a electrochemical
analyzer, electrochemical cell stand, counter, reference,
working electrodes, US$8,000. In addition, each system
also requires a computer interface for instrument control
and data acquisition.) The advantage to the electrode
system is that the measurements are direct, non-selective,
and responsive to rapid changes in concentrations.
When using optrode systems, the absolute rate of change
in external oxygen concentrations should be kept as min-
imal as possible. For example, when profiling @ a
water column, great care should be exercised in main-
taining a slow descent rate through a gradient. Moving
through an oxygen pycnocline would require several min-
utes for equilibration of the Rtf—O, complex, as greater
than A10uM O, min~1 would confound the depth loca-
tion and resolution of that gradient. Water column pro-
files using the electrode system are not confounded by
moderate descent rates since scan rate can be increased
to provide for less than 2 s of data acquisition per scan.

factor impacting the optrode response. It is important to note
that the comparisons pursued in this study were designed to
determine the performance limits for either the electrode or
optrode in terms of their dynamic response profiles. Both

the optrode and electrode systems are highly accurate for3.
stable oxygen concentrations as demonstrated by the num-

ber of publications that have successfully employed these
methodologies, and as shownkhig. 2

Therefore voltammetric methods are more reliable than
Rt -based optrodes for producing high-resolution ver-
tical profiles of oxygen gradients across an oxic—anoxic
transition zone.

Researchers measuring respiration rates through contin-
uous monitoring (rather than end-point sampling) should
be aware of the binding kinetics of Ruand &, which

will vary with the concentration of R on the optrode
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and the surface area of the optical fiber. The apparent de- [5] J.W. Murray, L.A. Codispoti, G.E. Friederich, in: C.P. Huang, C.R.
pendency on external oxygen concentrations for optrode O’'Melia, J.J. Morgan (Eds.), Aquatic Chemistry: Interfacial and

. h» | ies P I. 244, American Chemical Society, 1
equilibration means that estimates of oxygen binding and 1”;?22%'93 rocesses, vol. 244, American Chemical Society, 1995,

dissociation rates should pe corrected (cross-c_alibrated) [6] L.W. Winkler, Chemische Berichte 21 (1888) 2843.

for the absolute changes in oxygen concentrations. The [7] J. Gray, Biol. Rev. 1 (1925) 227.

inclusion of at least the first-order decay constants for [8] J. Lang, Biologisches Zentralblatt 54 (1934) 85.

an optrode used in any publication would be useful for [9] E. Zeuthen, Compte rendu des travaux du Laboratoire de Carlsberg,

. Ser. Chim. 24 (1943) 479.
assessing the performance of that system. [10] J.S. Kahn, Anal. Chem. 9 (1964) 389.

4. Further studies should target methods to calibrate [11] L.C.J. Clark, Trans. Am. Soc. Artif. Int. Org. 2 (1956) 41.
real-time oxygen detection instruments using controlled [12] A.A. Huesner, J.P. Hurley, R. Arbogast, Am. J. Physiol. 243 (1982)
rates of change in oxygen concentrations rather than R185.
static calibration points. The recirculating system used [13] A-G. Marsh, D.T. Manahan, Mar. Ecol. Progr. Ser. 184 (1999) 1.

. . . _ [14] O. Hoegh-Guldberg, D.T. Manahan, J. Exp. Biol. 198 (1995) 19.
in this study is one example of control through mechan- 1o "< oo M 3 whitehouse, J. Exp. Mar. Biol. Ecol, 163 (1992) 163,

ical manipulation. If a defined chemical reaction could (1] |s. peck, E. Prothero-Thomas, Mar. Biol. 141 (2002) 271.
be initiated to produce a quantitative rate of oxygen re- [17] P.J. Brendel, G.W. Luther I, Environ. Sci. Technol. 29 (1995) 751.
moval from a system, then real-time monitoring devices [18] G.W. Luther lIl, C.E. Reimers, D.B. Nuzzio, D. Lovalvo, Environ.

could be calibrated to that exact rate of chemical oxygen [19] ?(;Lli;zcnrlnlzl.sgc(klrgﬁg)G%L?ezk;sch C. Stangelmayer, O.S. Wolfbeis
consumption, as well. Mikrochim. Acta 131 (1999) 35.
[20] M.D. Stokes, G.N. Somero, Limnol. Oceanogr. 44 (1999) 189.
[21] A.G. Marsh, S. Cohen, C.E. Epifanio, Mar. Ecol. Progr. Ser. 218
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