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A prototype submersible immunosensor with autonomous sampling character-
istics has been designed and fabricated in conjunction with Sapidyne Instruments
Inc. The watertight instrument is battery-powered and internally controlled; the
internal controller can interface with an external computer for modification of the
experimental parameters and review of results. An environmental sample is
collected from the external space via a motor driven syringe such that
displacement of the motor arm corresponds to a specific intake volume. Assay
reagents, buffer and fluorescently labelled antibody, stored in bags within the
sensor, are drawn into the syringe after the environmental sample and mixed. The
final solution containing the environmental analyte and labelled antibody then
passes over a flow/observation cell containing rigid 98-micron beads coated with
the analyte of interest. The sensor continuously monitors the fluorescence across
the flow cell and the difference in signal from the beginning to the end of the run
can be converted to an estimate of analyte concentration. After optimisation steps
that included selection of the fluorophore and bead support, the sensor could mix
preloaded reagents and autonomously develop a standard curve for two different
analytes: caffeine, a marker for untreated sewage, and hexavalent uranium, which
contaminates the groundwater in the vicinity of uranium mining and processing
sites. The coefficient of variation was near 15% for all concentrations examined.
The minimum levels of detection for caffeine and hexavalent uranium in this
assay system were 60 and 241 pM, respectively. Spike and recovery assays showed
that the sensor was able to accurately predict the concentration of both analytes
within the linear region of the calibration curve. Analysis of real environmental
samples contaminated with uranium showed good agreement between the sensor
and a standard analytical method, thus demonstrating the suitability and
versatility of the submersible immunosensor as a field instrument.

Keywords: immunosensor; flow fluorimeter; monoclonal antibodies; caffeine;
uranium; autonomous underwater sensor

1. Introduction

The capability to monitor environmental water quality in large bodies of water is
important under a variety of conditions, including environmental remediation, food safety
and emergency responses. In this era of increased environmental awareness and
responsibility, the remediation of known sites of contamination, especially from sources
such as nuclear waste or munitions manufacture, has become a priority [1]. Food safety is
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a concern in consumption of wild-caught shellfish and certain species of fin fish; every year

people become ill or die from eating seafood contaminated with toxins produced by

harmful algal blooms [2]. Emergency response teams, whether dealing with an industrial

accident or a national security threat, need to know both the identity and the level of

contaminants in a suspect body of water to keep the public, and themselves, safe [3].
The development of biosensors, which use a biological component to assay for a

contaminant, is a promising area for water monitoring. The most common sensing

molecules for aquatic samples include nucleic acids, whole cells, enzymes and antibodies.

A large number of biosensors based on nucleic acids have been able to detect toxic algae

species [4–6] and microorganisms [7,8] using probes that hybridise to sequences unique to

the target. While these biosensors are able to recognise targets present in low quantities

with a high degree of specificity, the nucleic acid extractions required for these biosensors

require laboratory facilities that are not usually available in the field. Work is currently

progressing on techniques to simplify nucleic acid extraction that could be coupled to field

based sensors [9]. Recently the use of nucleic acid aptamers in biosensors has shown

promise with a wide variety of target analytes (for reviews see [10,11]). However, their use

in aquatic environments or water quality monitoring has thus far been limited. Problems

with this approach include cross reaction with other targets when analysing metal ions

[12], and use of non-portable laboratory-based equipment such as spectrophotometers [13]

and surface plasmon resonance instruments [14] for detection methods. Techniques using

dipsticks or lateral flow sensors with a colorimetric readout, which are better suited to field

applications, are also being researched [15].
Whole cell sensor systems for use in aquatic environmental monitoring are usually

based on living algae or bacteria. These sensors are most often used to determine the

overall toxicity in a water sample [16,17]; in some cases, assay systems have been developed

to identify a broad class of toxins such as pesticides [18]. Whole cell systems that

distinguish individual contaminants often rely on genetically engineered strains of bacteria

[19,20], and may lack sensitivity [21]. When using whole cells for sensing, cellular viability

can also be a confounding variable.
Enzymatic biosensors used in aquatic environments are often coupled to electro-

chemical detection methods. Target contaminants are generally organic molecules that can

be acted upon by naturally occurring enzymes [22–25]. Immobilising the enzyme while

preserving catalytic activity has remained a major hurdle in development of these sensors

and alternate methods for utilising enzymatic potentials are under development (see [26]

for a review). As in the whole cell systems, genetic engineering of enzymes is a current

approach for enhancing sensor properties [27].
Immunosensors, which are functionalised with antibodies, have a very broad range of

target applications including toxins [28], bacteria [29–31], pesticides [32–34] and inorganic

molecules [35,36]. Antibodies against novel targets must be produced from immunised

animals, screened, purified and characterised. However, once this process has been

completed, antibodies offer several characteristics that can make them preferable to the

other biosensor sensing molecules; these include high degrees of specificity, stability and

functionality. Antibodies display a very high degree of specificity for the target selected;

with proper selection strategies and/or combinatorial reengineering, cross reactivity with

similarly structured molecules can be minimised. Purified antibodies show quite acceptable

stability and can be used for the analysis of a wide variety of samples. Additionally,

antibodies are easily functionalised on many surfaces in contrast to enzymatic biosensors,
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which require the enzyme to be very carefully captured within membranes or otherwise
immobilised without loss of activity.

Most current biosensor designs, however, have the same major limitation; they require
humans to enter into the toxic environment to gather samples. Here we present a novel
prototype underwater immunosensor that can be deployed with an unmanned submersible
vehicle. The sensor was designed to autonomously sample the external aqueous
environment and analyse it for the contaminant of choice. This will allow information
to be gathered and analysed quickly and efficiently in situations where it may be
inadvisable to send a human, such as in a mass casualty incident or military operation.
Such a sensor could also be useful when it is necessary to sample large areas, such as a
large harmful algal bloom or industrial spill. Instead of spending several days drawing
samples from different depths and different locations and still more time analysing them,
the underwater sensor described herein could travel around a target area, taking samples
and analysing them while still in the field.

The research presented herein describes the process of laboratory validation and
optimisation of the sensor for the detection of two different analytes. Caffeine has been
advocated for use as a chemical indicator of anthropomorphic inputs into marine
ecosystems due to its presence in untreated wastewater [37–39]. Caffeine is also being
evaluated as a marker for assessing water pollution caused by human activities [40,41]. To
further demonstrate the versatility of the instrument, the sensor was also adapted for the
detection of hexavalent uranium. Uranium, as a radioactive heavy metal, is a persistent
environmental contaminant at uranium mining and processing sites, and there is much
interest in its detection and remediation in groundwater sources [42–44].

2. Experimental

2.1 Materials

The uranium-selective chelator, 2,9-dicarboxyl-1,10-phenanthroline (DCP) was purchased
from Alfa Aesar (Ward Hill, MA). The monoclonal anti-caffeine antibody (clone 9401)
was a product of Biodesign (Saco, ME). The caffeine-bovine serum albumin conjugate
(caffeine-BSA) used for immobilisation on the bead support was purchased from YJ
Bio-Products (Rancho Cordova, CA). Chelated uranium covalently conjugated to bovine
serum albumin (U(VI)-DCP-BSA) was available from a previous study [45]. Polystyrene
and polymethylmethacrylate beads (98mm diameter), disposable flow cells and mesh filter
supports were from Sapidyne Instruments, Inc (Boise, ID). Caffeine, bovine serum
albumin (BSA), and buffer salts to make phosphate buffered saline (PBS, 137mM NaCl,
3mM KCl, 10mM phosphate, pH 7.4) and HEPES buffered saline (HBS, 137mM NaCl,
3mM KCl, 10mM HEPES, pH 7.4) were purchased from Sigma-Aldrich (St. Louis, MO).
PBS was used for all experiments with caffeine; HBS was used for all experiments with
uranium. Goat anti-mouse IgG Fab secondary antibody labelled with DyLight 649 was
purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).

2.2 Immobilisation of capture ligand on bead support and filling of flow cells

The caffeine-BSA or U(VI)-DCP-BSA was diluted to a final concentration of 20 mg in
1.0mL of PBS or HBS. An aliquot (200mgdry weight) of the bead support (polystyrene or
polymethylmethacrylate) was then added and the mixture was mixed on a rotating plate
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for either 1 hour at 37�C or overnight at 4�C to allow surface adsorption of the conjugate
to the beads. The conjugate solution was removed and the beads were washed once with
1.0mL of PBS or HBS. To prevent nonspecific binding of the antibody, 1.0mL of a
30mgmL�1 BSA solution in PBS or HBS was added to the beads and the mixture was
allowed to incubate at room temperature on a rotating plate for 1 hour. Before use, the
beads in blocking solution were added to 30mL of PBS or HBS to bring the concentration
of beads to 6.67mgmL�1. The blocked beads were then packed into disposable flow cells
that could subsequently be installed in the sensor. A mesh filter support (4mm diameter)
was added to the bottom of each flow cell to support the beads. Although the flow cells
could be packed manually, cell-to-cell reproducibility was improved when the flow cells
were packed automatically using a program written for the KinExA 3000TM Instrument
(Sapidyne Instruments, Boise, ID) also available in the laboratory. A flow cell containing
the bottom filter was installed in the KinExA 3000TM and the diluted bead suspension was
added to the bead vial of this instrument. The instrument was then programmed to draw
4.750mL of bead suspension (31.7mg of beads) from the bead vial and push that over the
flow cell to fill it. The flow cell was then detached from the KinExA 3000TM and a second
mesh filter was added to the top of the packed beads to stabilise the capture reagent. Each
200mg aliquot of coated beads was sufficient to pack 6 flow cells. Packed flow cells could
be stored submerged in PBS or HBS containing 0.03% NaN3 at 4

�C for at least 2 weeks
without significant loss of signal. A picture of the packed flow cell is shown in Figure 1.

2.3 Fluorescent labelling of monoclonal antibodies

The anti-caffeine antibody was fluorescently labelled using two different kits: the
Amersham Cy5 Ab Labeling Kit from GE Healthcare (Piscataway, NJ) and the DyLight
649 Labeling Kit from Pierce Biotechnology (Rockford, IL). The kit instructions were
followed exactly as written using the 9401 monoclonal anti-caffeine antibody.

Figure 1. Flow cell for the underwater sensor; (a) Side view of sensor flow cell, showing threaded
connections, the semicircular lens that directs light to the detector of the instrument, and the filters
installed to stabilise the beads in the flow cell. Centimetre rule included for scale; (b) Front view of a
flow cell packed with 98 mm diameter beads.
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The fluorophores used in the two kits were different but were both NHS-ester conjugates
that reacted with primary amine groups (primarily lysine side chains) on the antibody. The
anti-uranium antibody used in this study, 12F6, was inactivated when its lysine residues
were chemically modified (unpublished data); this antibody was non-covalently labelled by
the addition of a 10-fold molar excess of goat anti-mouse IgG Fab secondary antibody
labelled with DyLight 649.

2.4 Sensor features and experimental setup

The underwater immunosensor was constructed by Sapidyne Instruments (Boise, ID) in an
academic-industrial partnership that has been used to successfully develop other sensor
systems for environmental analysis [35–36,46]. The optical unit used in this device is
identical to that in a previously described In-line sensor [35–36,46]. Details of the kinetic
exclusion method are also described in previous publications [47–49].

2.4.1 Sensor flow connections

One of the distinguishing features of the underwater sensor is its ability to autonomously
collect samples from an aqueous environment and analyse them. For some applications,
the sensor must be able to construct a calibration curve from reagents contained in the
case. Figure 2 shows a diagram of all the plumbing connections in the sensor. Lines 1–6
carry standards for the analyte of interest used to construct a calibration curve; these lines
are integrated into the main flow path to the draw syringe via valve 1. Secondary reagents
such as buffer, labelled antibody, and the external sample are processed through valve 2.
Additionally, valve 2 provides the outlet for the mixing compartment and a connection to

Figure 2. Flow connections for the underwater sensor. Lines 1–6 contain standards of known
concentration, while the nose line is the inlet for the environmental sample. The Antibody*
compartment holds the fluorescently labelled antibody. All solutions are drawn into the syringe and
sent over the flow cell after combining with the antibody in the mixing compartment.
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valve 1 or the flow cell. The last valve, valve 3, is only connected to the draw syringe and
the waste line.

A description of the flow path for the analysis of standards follows. It may be helpful
to refer back to Figure 2 as the movement of the standard through the sensor is detailed.
First, the standard must be drawn into the syringe, taking it through valves 1, 2, and 3 in
that order. Labelled antibody is added to the standard already in the syringe through
valves 2 and 3. The next destination is the mixing compartment; the standard must pass
back through valves 3 and 2 to reach it. This volume is then pushed back and forth
between the mixing compartment and the draw syringe through both valves to facilitate
mixing. Upon completion of mixing, the standard is retained in the draw syringe, ready for
analysis. To reach the flow cell the standard must once again pass through valves 3 and 2.
Then the standard travels through the bead pack in the flow cell, and is finally collected as
waste.

2.4.2 Sensor anatomy

Since the sensor is designed for underwater use, it has several unique features adapted for
this environment. Figure 3 shows photographs of the most important sensor features.
Anytime electronics are to be used in an environment where liquid is present, a waterproof
shield or case is warranted. This is especially important as increasing water pressure
becomes a factor. Figure 3a shows the waterproof case next to the sensor itself. The case is
made from aluminum and has a waterproof gasket where the body and the cap join to
keep out moisture. The sensor draws samples based on displacement of the plunger in the
draw syringe, shown in Figure 3b. The optical unit is contained behind the flow cell
bracket as shown in Figure 3c. In order to analyse samples underwater, reagents must be
self contained inside the case. Figure 3d shows the reagent bags located at the back end of
the sensor. The bags are connected via tubing to the appropriate valve to make a
watertight flow path. One of the distinguishing characteristics of the sensor is the ability to
draw samples from the external environment. Figure 3e is a photograph of the cap of the
waterproof case showing the exterior inlet, or nose line, for drawing samples into the
sensor for analysis. The nose is equipped with a filter to remove particulates, preventing
clogging of the interior tubing. Power is supplied to the sensor with a rechargeable battery
pack containing NiMH C-type batteries. The battery pack is located in the base of the
sensor and is not visible in the photographs.

2.4.3 Sensor operation and experimental set-up

The sensor is a flow fluorimeter that analyses samples based on the principle of kinetic
exclusion (described in [47–49]). The pattern of valve changes necessary for analysing
samples is programmed into the sensor using a timing file. A laptop computer is connected
to the sensor to upload the file and to retrieve data after the experiment; however, the
computer does not have to be connected to the sensor to run the timing file. The
underwater sensor has an accompanying program with a user-friendly interface for
structuring the timing file. Each line specifies the source to be drawn/dispensed from/to
(line 3, line 5, buffer, antibody label, etc.), the volume in mL to be drawn, and the rate at
which the action is to be performed. Analysing a standard or unknown sample follows the
same sequence of actions every time. The set-up of an experiment will be briefly outlined
here. A more detailed timing file that includes volumes and rates can be viewed in the
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supplementary materials section. At the end of each experiment, all of the lines in the

instrument are rinsed sequentially five times with 0.3mL each of water, 10% household

bleach, and water.
Before beginning analysis, all lines were charged with reagent. This ensured that the

concentration of reagent that reached the draw syringe was not diluted by water retained

in the lines after post experiment rinsing. Charging was accomplished by drawing a volume

slightly greater than the volume of the lines (200mL) and pushing that to waste. This action

Figure 3. Features of the underwater sensor. (a) Interior view of sensor and its watertight case, with
standard ruler for scale; (b) draw (top) and mix (bottom) syringes; (c) flow cell and optics unit;
(d) bags for reagents and waste; (e) exterior inlet in nose for collection of environmental sample;
(f) sample data traces. The average change in voltage in a five second interval at the beginning of the
run is subtracted from the average voltage of a similar interval at the end of the run to give the
overall difference in volts. This difference (termed delta) is a measure of the antibody free binding
sites (i.e. antibody not in complex with ligand), which can be used in subsequent determinations of
analyte concentration.
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was performed twice, then a standard was drawn from the reagent bag and sent to the
mixing compartment, followed by the labelled antibody. Mixing consisted of passing the
sample back and forth between the draw syringe and mixing compartment. After mixing
was completed, the sample was passed over the flow cell containing the coated beads and
fluorescence level was monitored by the optical unit. The sensor went through several
rinsing steps to remove traces of the previous standard or sample before moving on to the
next one. The syringe was rinsed first, followed by the flow cell and mixing compartment.
The rinse cycle ended by washing out the syringe again. The analysis and the rinsing steps
constituted a single run. The sensor output is a plot of the voltage over time as the sample
is moving through the sensor. At the end of each run, the output is available to view, but
needs to be downloaded from the sensor to a computer. A sample of the data output,
consisting of 19 runs, is shown in Figure 3f. The initial baseline (0–405 sec) represents the
time required for the standard or sample to be drawn and mixed with the antibody. The
middle linear region (405–525 sec) occurs when the standard or sample passes over the flow
cell in view of the optics unit, and the remainder of the plot (525–1190 sec) consists of the
washing steps. The sensor software calculates the delta by subtracting the average voltage
over a five second interval at the beginning of each run from a similar interval at the end.
The change in fluorescence associated with the sample is represented by the delta value,
which is used to construct standard curves and estimate unknowns. Due to the necessity of
the mixing and washing steps, one run, which is the analysis of one sample, takes
20minutes to complete. For spike and recovery experiments, the calibration curve was
always constructed first; then the unknown samples were analysed.

2.5 Caffeine detection in spiked buffer samples

All preliminary sensor characterisation, including fluorescent label selection, evaluation of
the solid support, and tests of linearity with antibody concentration, were performed using
fluorescently labelled anti-caffeine antibodies and caffeine-BSA adsorbed on the solid
support. For evaluation of analytical performance, the sensor autonomously prepared
all assay mixtures in PBS containing 132.5 pM Dylight-649 labelled 9401 antibody,
50 mgmL�1 BSA, and caffeine at concentrations of 0–5.0 nM.

2.6 Uranium detection in environmental samples

Polystyrene beads were coated with a DCP-BSA conjugate as described in Section 2.2
above. Before the beads were packed into the flow cells, they were incubated in the
presence of 1 mM uranium for at least 5minutes in order to form the U(VI)-DCP complex.
These beads were then loaded into the flow cells as described above; the excess uranium
was removed during the subsequent washing of the bead pack in the flow cell.

Groundwater samples contaminated with uranium were available from another project
[46]. Environmental samples were acidified to pH 2 to release the U(VI) from natural
chelators; subsequent dilution of each sample into assay buffer containing DCP allowed
the U(VI) to form a complex with DCP. Details of this procedure are described in [46]. For
the standard curve, the operator mixed the assay mixtures by adding uranium (0–10 nM)
to HBS containing BSA (50 mgmL�1), DCP (200 nM), 12F6 monoclonal antibody
(0.25 nM), DyLight 649 labelled goat anti-mouse IgG Fab secondary antibody (2.5 nM)
and a 1:400 dilution of artificial groundwater (described in [46]). For analysis of
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environmental samples, the sensor mixed the sample such that the final dilution
was 1 : 400 in HBS containing DCP (200 nM), 12F6 monoclonal antibody (0.25 nM),
DyLight 649 labelled goat anti-mouse IgG Fab secondary antibody (2.5 nM) and BSA
(50 mgmL�1).

3. Results and discussion

3.1 Fluorescent label selection

The size and power requirements imposed on the underwater sensor preclude the use of the
pumps that prepare a fresh bead pack for every sample (as in the KinExA 3000TM and
In-line Sensor). Instead, the underwater sensor contained a flow cell with a large bead pack
that was used to analyse multiple samples, as shown in Figure 1. The optical unit on the
underwater sensor required the use of a fluorophore with excitation/emission spectra in the
far red wavelengths; two commonly used fluorophores with these characteristics, Cy5 and
DyLight 649, were therefore tested for suitability in this new sensor format. The ideal
fluorophore for use in the sensor would provide a consistent delta signal each time a fixed
concentration of fluorescently labelled antibody was passed over the flow cell. The two
candidate fluorophores were therefore conjugated to the anti-caffeine monoclonal
antibodies and the sensor was programmed to apply varying concentrations of the
fluorescently labelled antibody to the flow cell (data not shown). Concentrations of
labelled antibody that resulted in a delta value of near 0.15 were chosen for subsequent
experiments. Because the sensor is only capable of reading a fluorescent signal up to
approximately 15 volts, a relatively low delta value was chosen so that a large number of
sequential experiments (n¼ 90) could be performed. The sensor was then programmed to
sequentially inject equal aliquots of labelled antibody onto the flow cell, and the delta
values were plotted for each run, as shown in Figure 4. The Cy5 labelled antibody showed
a peak in delta values after �10 runs and then the values drifted lower with every cycle,

Figure 4. Effect of fluorophore on signal stability in the underwater sensor. Replicate assay mixtures
(n¼ 90) containing Cy5- or Dylight 649-labelled anti-caffeine antibody were applied to a flow cell
packed with beads coated with a caffeine-BSA conjugate. The signal generated from each trace was
replotted versus the number of consecutive experiments performed on the flow cell.
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never stabilising. The delta values ranged from 0.25 at the peak to 0.10 in the last run with
an average of 0.159 volts and a coefficient of variation (CV) of 35.5%. In contrast, the
DyLight 649 labelled antibody showed a plateau in delta value of just under 0.10 after 10
runs, which was maintained until the end of the experiment. The average delta value was
0.0986 volts with a CV of 15.4%. Therefore the DyLight 649 labelled anti-caffeine
antibody was selected for use in this sensor because it provided a more stable signal over
the life of an individual flow cell.

3.2 Bead support selection

The sensor uses a column of rigid 98 micron polymer beads coated with a structural
analogue of the ligand being measured to capture antibody that is not complexed to
ligand. Two commonly used rigid polymer bead materials, polystyrene and polymethyl-
methacrylate, were tested in the underwater sensor to further optimise the assay system for
the caffeine model analyte. To assess the performance of the bead support, varying
concentrations of the fluorescently labelled antibody were applied to a single flow cell
packed with polymer beads coated with caffeine-BSA. Replicate (n¼ 5) linear
dose-response curves were constructed by plotting antibody concentration versus delta
signal, the slopes of the lines thus generated were averaged and the CV compared between
the two bead support materials. A lower CV indicated a more stable instrument response.
Figure 5 shows the linear dose response curves for each bead material. The data gathered
on the polystyrene beads, shown in Panel A, displays good agreement on both the
individual delta values and on the slopes of the lines generated. The average slope was
0.004406 volts/pM antibody with a CV of 13%. The polymethylmethacrylate beads,
however, did not demonstrate the same degree of reproducibility, as shown in Panel B of
Figure 5. Here the average slope was 0.000069 volts/pM antibody with a CV of 32%.
Additionally, the delta values obtained using coated polymethylmethacrylate beads were
much lower, even though a higher concentration of antibody was used to construct the

Figure 5. Effect of bead support composition on the reproducibility of antibody dose-response
curves. 98mm diameter beads made of polystyrene (Panel (a)) or polymethylmethacrylate (Panel (b))
were coated with the same caffeine-albumin conjugate and packed into the flow cell of the sensor.
Varying concentrations of antibody were allowed to flow over the flow cell and the Delta signal was
plotted versus antibody concentration. The slopes of the lines generated in the 5 different runs were
analysed for reproducibility.
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dose-response curves. Thus, the polystyrene beads were chosen for use with the sensor
because they produced more reproducible data with a higher sensitivity for the detection of
fluorescently labelled antibody bound to the beads.

3.3 Analytical performance in the caffeine model system

The sensor was designed to autonomously analyse water samples drawn in from the
exterior port. To determine the sensor’s ability to successfully draw and mix samples,
calibration curves were constructed. For these experiments, the concentration of labelled
anti-caffeine antibody was fixed at 132.5 pM, which provided a delta value of approx-
imately one in the absence of added caffeine. The concentration of caffeine was varied
from 0 to 5.0 nM, as shown in Figure 6a. The percent inhibition of the delta values as a
function of caffeine concentration are shown as an example of a calibration curve
generated by the sensor (circles); the triangles show the CV determined for each point on
the curve. The sensor showed acceptable precision, �15% for all caffeine concentrations.
The minimal level of detection (MDL) for each experiment was determined by calculating
the mean and SD for the delta values obtained from samples without caffeine. The SD was
multiplied by 2, and subtracted from the mean value. The caffeine concentration that
corresponded to this 0–2SD calculated delta (60 pM) was determined from the curve to be
the MDL.

To determine the reliability of the estimation of caffeine in an unknown sample, spike
and recovery experiments were performed. A predetermined concentration of caffeine was
spiked into buffer and then the concentration of the sample recovered was estimated using
a calibration curve similar to that shown in Figure 6a. The results from these spike and
recovery experiments are summarised in Table 1. The sensor showed good correlation, less
than 20% difference, between the actual and estimated amounts of caffeine present in the
linear portion of the calibration curve, where the caffeine concentration was 1.0 nM or
lower. When the caffeine concentration in the sample was greater than 1.0 nM, the
estimated concentration from the calibration curve was �60% of the actual concentration.

Figure 6. Calibration curves and precision profiles developed using the underwater sensor;
(a) calibration curve (circles) and coefficient of variation (triangles) for analysis of the model analyte,
caffeine; (b) calibration curve (circles) and coefficient of variation (triangles) for analysis of
hexavalent uranium. The plotted points on the calibration curves represent the mean� SD (n¼ 3).
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Practically, this means that the immunosensor is able to provide a yes/no answer for

analyte presence upon initial analysis. In situations where more detailed information is
necessary, the sample could be analysed at several different dilutions in order to more

accurately determine the concentration of analyte.

3.4 Environmental uranium

The calibration curve generated for determination of uranium concentration is shown in

Figure 6b, along with the precision profile. Again the precision was good with the CV

below 15% at each uranium concentration. Table 1 indicates that the spike and recovery

data is similar for both uranium and caffeine, demonstrating the ease with which this

sensor can be adapted for different analytes.
To demonstrate that the sensor could be used to detect contaminants in environmental

samples, groundwater containing U(VI) was also analysed. These samples were collected
in the summer of 2008 in Rifle, CO during a field bioremediation experiment [46]. The

samples had been collected from a single monitoring well at various times after beginning

remediation; they were stabilised by the addition of acid and subsequently stored at 4�C.

The U(VI) content of the samples was determined by an independent contractor using

Kinetic Phosphorescence Analysis (KPA) [50,51]. A comparison of the uranium

concentration determined using the immunosensor to that obtained by KPA is shown in

Figure 7. Like the KPA, the immunosensor was able to detect changes in uranium during

the bioremediation experiment. With the exception of the sample with the highest uranium
concentration (the 7/22 sample), the U(VI) concentrations determined by the two

techniques were within experimental error. The sample collected on 7/22 had a

concentration of U(VI) that placed it outside of the linear range of the immunosensor

(�0.25–1.5 nM). For best precision, such samples should be reanalysed at a higher

dilution.
The MDL in the assay was 241 pM; since samples were analysed at a dilution of 1:400,

the sample MDL was 96.4 nM, which is well below the EPA action limit of 126 nM or
30 ppb. As with the caffeine model system, the immunosensor was able to quickly provide

data on the presence of uranium and allowed the capability of reanalysis at another

dilution for more accurate data, if necessary, while still in the field.

Table 1. Analytical recovery of spiked samples.

Added (nM) Found (nM) Recovery (%)

Caffeine
0.2 0.193� 0.033 96.4� 16.5
0.4 0.419� 0.096 104.7� 24.0
0.8 0.930� 0.133 116.3� 16.6
2.5 1.570� 0.074 62.8� 3.0

Uranium
0.5 0.455� 0.145 91.0� 29.0
1.0 1.050� 0.160 105.0� 16.0
3.0 3.126� 0.375 104.2� 12.5
10 9.605� 0.378 96.1� 3.8
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4. Conclusion

A novel immunosensor has been designed to operate underwater by autonomously
drawing and analysing samples. The programming features of the sensor are sufficiently
flexible to allow analysis by at least 2 different modes of operation. For the caffeine
experiments, the sample bags were loaded with the caffeine standards and the sensor
autonomously mixed the assay solutions required for the calibration curve; unknown
samples were drawn through the nose inlet directly into the draw syringe for immediate
analysis. For the uranium experiments, the assay mixtures required for the calibration
curve were prepared by the operator, and the calibration curve was generated before
analysis of the unknowns. The unknowns were drawn from the nose inlet into the sample
bags; these unknowns were then autonomously analysed. This second mode of operation
may be preferable when it is necessary to collect samples over shorter time intervals. In this
mode of operation, the sensor could draw an environmental sample, store it in a sample
bag and perform the analysis while being moved to another sampling location. The
environmental sample remaining in the sample bag would then be available for further
testing while still in the field or back at the laboratory. This mode of operation would also
permit the stored samples to be analysed for other contaminants or for parameters such as
salinity or pH.

The versatility of the immunosensor is also apparent in the ease of reconfiguring the
sensor for the analysis of a different analyte. The interchangeable flow cells and reagent
bags make switching analyte detection simple, even in a non laboratory setting. Although
these initial experiments utilised caffeine as the model analyte, the sensor could be adapted
to detect many other small molecular weight environmental contaminants, including the
U(VI) used as the second example presented herein. The sensor was also able to accept
antibodies labelled by two different methods. The caffeine assay utilised an antibody that
was covalently conjugated to the fluorophore, while 12F6, the anti-uranium antibody,
relied on a secondary labelled Fab for detection. The use of a labelled Fab increases the
variety of analytes that can be assessed, since not all antibodies respond well to the
covalent attachment of a fluorophore. Both model systems showed comparable levels

Figure 7. Comparison of KPA (solid bars) and immunosensor (hatched bars) analysis of
groundwater samples contaminated with uranium. The groundwater samples were collected from
a single well on the dates indicated. The immunosensor analysed the groundwater samples at a final
dilution of 1 : 400. Data is reported as the mean� SD (n¼ 3).
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of precision. The difference in the MDLs for the two model systems was a function of
the each antibody’s affinity, not a reflection of the mode of labeling or the sensor
platform [45,52].

In this report we have demonstrated that the immunosensor is able to operate with the
accuracy and precision necessary to estimate concentrations of two distinct unknown
analytes. These data confirm the sensor’s ability to analyse a potentially wide variety of
contaminants in hazardous or otherwise inaccessible settings where it is inadvisable to send
a human.
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