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ABSTRACT
FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS

School of Ocean and Earth Science
Doctor of Philosophy

Development and application of autonomous
nutrient analysers for natural waters
by François-Eric Legiret
The warming of the oceans and consequent enhanced stratification will have
significant consequences for ecosystem functioning and carbon sequestration. Nutrient
supply will reduce as a result of a strengthening in the stratification, with consequences for
microbial ecosystems. Oligotrophic ocean regions are therefore predicted to increase in size
as a consequence of global warming. This strengthens the requirement for analytical
techniques with low limits of detection for nitrate and phosphate as conventional methods
are unable to detect the nanomolar nutrient concentrations in surface waters in these regions.
In recent years, sensitive techniques have been developed for shipboard nutrient analysis at
nanomolar level with a high sample throughput. An analyser coupled with liquid waveguide
capillary cells was deployed in the Atlantic. These techniques are however not suitable for
autonomous deployment in oceans for long-term observations. Therefore, I have been
working on the miniaturisation of nanomolar nutrient techniques using novel Lab-on-a-chip
devices. The aim is to develop systems that are small, low-cost and low-power, and can be
used autonomously and remotely to provide in situ real-time data on processes with high
temporal and spatial resolution. Microfluidic technology is being used as it enables
minimization of reagent and power consumption for in situ deployment of wet-chemical
methods which provide accurate results with low limits of detection and high spatial and
temporal resolution. In the 3rd chapter, we describe the development of an autonomous
analyser for the determination of dissolved reactive phosphorus based on the
vanadomolybdate method which allows long-term deployments thanks to the stability of the
reagents. It has been deployed off the coast in Plymouth and during D361 (Atlantic). Then in
the 4th chapter, a microfluidic platform to measure phosphate with the molybdenum blue
method is characterised with optimised parameters and applied to marine waters.

2

Table of Contents
List of figures ........................................................................................................................................... 5
List of tables ............................................................................................................................................ 7
Declaration of authorship ....................................................................................................................... 8
List of publications................................................................................................................................. 10
Ackowledgements ................................................................................................................................. 11
Chapter 1. Introduction. ........................................................................................................................ 13
1.1. Nutrients biogeochemical cycles. ............................................................................................... 13
1.1.1. Nitrogen cycle. ..................................................................................................................... 13
1.1.2. Phosphorus cycle. ................................................................................................................ 16
1.1.3. Changing oceans, a proxy. ................................................................................................... 17
1.2. Marine technology ..................................................................................................................... 18
1.3. Objectives and thesis structure .................................................................................................. 19
1.4. References .................................................................................................................................. 20
Chapter 2. Miniaturisation of nutrient chemical analysers................................................................... 23
2.1.

Nitrate, nitrite and phosphate analyser coupled with Liquid Waveguide Capillary Cells. .... 24

2.1.1.

Nitrate and nitrite.......................................................................................................... 24

2.1.2.

Soluble reactive phosphate (SRP).................................................................................. 25

2.1.3.

Cruise D346 ................................................................................................................... 27

2.1.4.

Cruise D361 ................................................................................................................... 33

2.2.

Ammonium shipboard system. ............................................................................................. 37

2.3.

Microfluidics analyser fabrication. ........................................................................................ 41

2.3.1.

Microfluidics chip fabrication. ....................................................................................... 41

2.3.2.

Miniaturisation of computer controlled analyser. ........................................................ 45

2.4.

References ............................................................................................................................. 50

Chapter 3. A high performance microfluidic analyser for phosphate measurements in marine waters
using the vanadomolybdate method .................................................................................................... 53
3.1.

Introduction........................................................................................................................... 53

3.2.

Material and methods ........................................................................................................... 55

3.2.1.

Chemical method .......................................................................................................... 55

3.2.2.

Microfluidic analyser description .................................................................................. 56

3.2.3.

Analytical procedure ..................................................................................................... 58

3.3.

Results and discussion ........................................................................................................... 60
3

3.3.1.

Calibration and limit of detection ................................................................................. 60

3.3.2.

Dissolved silicon interference study .............................................................................. 60

3.4.

Field evaluations in marine waters ....................................................................................... 62

3.4.1.

Coastal waters ............................................................................................................... 62

3.4.2.

Offshore waters ............................................................................................................. 63

3.5.

Conclusions............................................................................................................................ 65

3.6.

References ............................................................................................................................. 66

Chapter 4. Microfluidic analyser for the measurement of phosphate in seawater using the
molybdenum blue method.................................................................................................................... 75
4.1. Introduction................................................................................................................................ 75
4.2. Experimental section .................................................................................................................. 80
4.2.1. Chemical method ................................................................................................................ 80
4.2.2. Microfluidic analyser ........................................................................................................... 80
4.3. Results and discussion ................................................................................................................ 83
4.3.1 Injection flow rates ............................................................................................................... 83
4.3.2. Kinetics study....................................................................................................................... 84
4.3.3. Characterisation of the system ........................................................................................... 85
4.3.4. Effect of salinity on the signal ............................................................................................. 86
4.3.5. Field results ......................................................................................................................... 88
4.4. Conclusions................................................................................................................................. 90
4.5. References .................................................................................................................................. 91
Chapter 5. Conclusions and future work ............................................................................................... 95
5.1. Conclusions................................................................................................................................. 95
5.2. Future work ................................................................................................................................ 97
5.3. References .................................................................................................................................. 99
Appendices .......................................................................................................................................... 101
Appendix 1....................................................................................................................................... 101
Appendix 2....................................................................................................................................... 119
Appendix 3....................................................................................................................................... 125
Appendix 4....................................................................................................................................... 137
Appendix 5....................................................................................................................................... 147

4

List of figures
Figure 1: Nitrogen cycling (Francis, Beman et al. 2007) ........................................................................ 15
Figure 2: Biological nitrogen transformation pathways (Canfield, Glazer et al. 2010) ......................... 16
Figure 3 : Phosphorus cycle (Ruttenberg, John et al. 2001). ................................................................. 17
Figure 4: Reduction of nitrate to nitrite with cadmium. ....................................................................... 25
Figure 5: User-friendly interface developped in Matlab for the nanomolar analyser. ......................... 29
Figure 6: Photograph of the initial setup on-board RSS Discovery. ...................................................... 30
Figure 7: CAD of the structure designed to enhance the stability of the shipboard nanomolar system
with slits for the waveguides................................................................................................................. 30
Figure 8: a/ Schematic of the nitrate + nitrite SCFA-LWCC system; b/ Schematic of the phosphate
SCFA-LWCC system. In these systems, the glass coils used are 1.6-mm ID. Reported from (Patey,
Rijkenberg et al. 2008) .......................................................................................................................... 31
Figure 9: Contour plots of the dataset acquired on D346, overall 135 stations were undertaken with
samples from surface down to 300 m deep. (A) temperature (˚C), (B) nitrate plus nitrite (nM), (C)
phosphate (nM). .................................................................................................................................... 32
Figure 10: Comparison plot of phosphate measurements operated with two different analysers
during D361. .......................................................................................................................................... 34
Figure 11: Plots for the full depth CTD transect from Senegal to the eastern central Atlantic. The
different water masses that relate to their different nutrient signatures can be easily observed. ..... 35
Figure 12: Detailed surface nutrient structures for the upper 500 m with fluorescence maximum zone
and the primary nitrite maximum zone where the biological activity generates this nitrite as well as
an ammonium maximum area in the water column............................................................................. 36
Figure 13: Photograph of the ammonium shipboard system assembled and operating during D333. 38
Figure 14: Schematic of the ammonium analyser................................................................................. 38
Figure 15: Calibration of the ammonium analyser................................................................................ 39
Figure 16: Study of interferences of amino acids and free primary amines on the response signal. ... 40
Figure 17: a/ Example of a CAD designed chip ; b/ Micromill Protomat S100 (LPKF) ; c/Cabinet
dedicated to solvent exposure of the devices ; d/ Press for bonding (LPKF). ....................................... 42
Figure 18: Schematic of the blue phosphate system’s microfluidic chip designed in Solidworks. The
colors correspond to the features described in the table above. This design will be further converted
as a tool path using the CircuitCam software. ...................................................................................... 44
Figure 19: State machine for the micro-analyser calibration with a set of 2 standards for nitrate and 2
standards for nitrite. ............................................................................................................................. 46
Figure 20: State machine for the micro-analyser measurements for nitrite and nitrite plus nitrate. .. 47
Figure 21: Graph of the channels measurements signal for nitrate calibration with 2 standards. ...... 50
Figure 22: (a) Photograph of the micro-analyser, including a custom syringe pump, valves,
microfluidic chip and electronics. The system measures 22 cm high and 10 cm in diameter. (b)
Microfluidic chip schematic. (c) Photograph of the chip prior to bonding. .......................................... 57
Figure 23: (a) Signal from dye dilutions blank, 0.025%, 0.05% and 0.1% v/v., passing through the
microfluidic device. (b) Absorption values versus normalised dye concentration. (c) Output
voltage for a sequence of phosphate standards. (d) Calibration curve for phosphate standards versus
phosphate concentration. ..................................................................................................................... 59

5

Figure 24: (a) Scatter plot of the micro-system phosphate measurements off Plymouth coast
compared with a segmented flow colorimetric auto-analyser, (b) Plot of residuals between both
methods in function of the phosphate concentration. ......................................................................... 63
Figure 25: (a) Scatter plot of the micro-analyser phosphate measurements off Senegalese waters
compared with a segmented flow colorimetric analyser, (b) Plot of residuals between both methods
in function of the phosphate concentration. ........................................................................................ 65
Figure 26: A. Schematic of the microfluidic chip. The green lines indicate the fluidic pathways, the red
circles indicate through-all holes to connect the valves. B. Photograph of the chip micro-machined in
tinted-PMMA. ........................................................................................................................................ 81
Figure 27: Example of repeatability of the measurements (n=5) for two standards of 50 and 100 nM.
............................................................................................................................................................... 84
Figure 28: Monitoring colour development at different phosphate concentrations in the detection
cell, with different stop flow times. ...................................................................................................... 85
Figure 29: Calibration of the system with a total injection flow rate of 100 µL.min-1, plus reagent flows
of 10 mL.min-1 each. A stop flow time of 5 minutes was used in each case. ........................................ 86
Figure 30: a/ Calibration of the system with different salinities 0, 15, 25 and 35 PSU. b/ Variation of
the response signal of absorbance with salinity. .................................................................................. 87
Figure 31: Description of the field area tested off Plymouth coast. The E1 buoy is part of the western
channel observatory. ............................................................................................................................. 88
Figure 32: Plot of the phosphate concentrations measured by the two analysers for the 12 samples
compared along the E1 transect. The blue triangles are data of the micro-analyser and the red
squares are reference measurements of the AA3 analyser. ................................................................. 89
Figure 33: a/ Plot of the micro-fluidic analyser measurements against the AA3 reference
measurements. b/ Plot of the residuals between both systems for the different samples measured in
a range from 10 nM to 550 nM. ............................................................................................................ 90

6

List of tables
Table 1 : Example of milling tools and settings used for the fabrication of the microfluidic flow cell
below. .................................................................................................................................................... 43
Table 2: Response of apparent phosphate output signal with silicate additions in different matrices:
no phosphate, low phosphate and high phosphate conditions. ........................................................... 61
Table 3: MB derivated techniques for analysis of low concentrations of SRP in seawater. ................. 79

7

Declaration of authorship
I, François-Eric Legiret, declare that the thesis entitled “Development and application of
autonomous nutrient analysers for natural waters” and the work presented in the thesis are
both my own, and have been generated by me as the result of my own original research.
I confirm that:
• This work was done wholly or mainly while in candidature for a research degree at this
University
•

Where any part of this thesis has previously been submitted for a degree or any other
qualification at this University or any other institution, this has been clearly stated

•

Where I have consulted the published work of others, this is always clearly attributed

•

Where I have quoted from the work of others, the source is always given. With the
exception of such quotations, this thesis is entirely my own work

•

I have acknowledged all main sources of help

•

Where the thesis is based on work done by myself jointly with others, I have made
clear exactly what was done by others and what I have contributed myself

•

Parts of this work that have been published are listed in the List of Publications section.

Signed:

Date:

8

Graduate School of the National Oceanography Centre,
Southampton
This PhD dissertation by François-Eric Legiret has been produced under the supervision of
the following persons:

Supervisors
Prof. Eric Achterberg
Malcolm Woodward
Dr. Douglas Connelly
Dr. Matt Mowlem

Chair of Advisory Panel
Dr. Adrian Martin

9

List of publications
Copies of these published papers are in the Appendices section.

•

Honey, David J., Martha Gledhill, Thomas S. Bibby, François-Eric Legiret, Nicola J.
Pratt, Anna E. Hickman, Tracy Lawson, and Eric P. Achterberg. "Heme b in marine
phytoplankton and particulate material from the North Atlantic Ocean." Marine
Ecology Progress Series 483 (2013): 1-17.DOI 10.3354/meps10367.

•

Wiedenmann, Jörg, Cecilia D’Angelo, Edward G. Smith, Alan N. Hunt, François-Eric
Legiret, Anthony D. Postle, and Eric P. Achterberg. "Nutrient enrichment can
increase the susceptibility of reef corals to bleaching." Nature Climate Change 3,
no. 2 (2013): 160-164. DOI 10.1038/nclimate1661

•

Bey, Samer K. Abi Kaed, Douglas P. Connelly, François-Eric Legiret, Andy JK Harris,
and Matthew C. Mowlem. "A high-resolution analyser for the measurement of
ammonium in oligotrophic seawater." Ocean Dynamics 61, no. 10 (2011): 15551565. DOI 10.1007/s10236-011-0469-5

•

Beaton, Alexander D., Christopher L. Cardwell, Rupert S. Thomas, Vincent J.
Sieben, François-Eric Legiret, Edward M. Waugh, Peter J. Statham, Matthew C.
Mowlem, and Hywel Morgan. "Lab-on-chip measurement of nitrate and nitrite
for in situ analysis of natural waters." Environmental science & technology 46, no.
17 (2012): 9548-9556. DOI 10.1021/es300419u

•

Legiret, François-Eric, Vincent J. Sieben, E. Malcolm S. Woodward, Samer K. Abi
Kaed Bey, Matthew C. Mowlem, Douglas P. Connelly, and Eric P. Achterberg. "A
high performance microfluidic analyser for phosphate measurements in marine
waters using the vanadomolybdate method." Talanta 116 (2013): 382-387. DOI
10.1016/j.talanta.2013.05.004

•

Legiret, François-Eric, Victoire Rérolle, Joaquin Pampin Baro, E. Malcolm S.
Woodward, Samer K. Abi Kaed Bey, Matthew C. Mowlem, Douglas P. Connelly,
and Eric P. Achterberg. "Microfluidic analyser for the measurement of phosphate
in seawater using the molybdenum blue method.” in prep.

10

Ackowledgements
This PhD thesis was supported by SENSEnet, a Marie Curie Initial Training Network (ITN)
funded by the European Commission Seventh Framework Programme, Contract Number
PITN-GA-2009-237868. Thanks to Doug Connelly and Carla Sands for the great management
of the whole project and for creating a marvellous community of “sensenet-collaborators”.

Special thanks to my supervisors for their support, encouragement and contributions. Any
early career researcher could dream of crossing paths with a hockeyeur and a Dragoneur at
the same time.
I would like to express my thanks to everyone who has helped with this project over the last
years, especially the sensors group at NOC Southampton with special thanks for Victoire, Dave
and Samer.
I would like to thank the crew and scientists of the RRS Discovery (Atlantic cruises), and thank
you to David Honey. I acknowledge the support of the NERC National Capability Western
Channel Observatory at Plymouth Marine Laboratory and the help provided by the RV
Plymouth Quest for the deployments.
Also, I had the great experience of supervising two undergraduate students: Manuel
Laymajoux from “Ecole Nationale Superieure de Montpellier” and Jéhane Ouriqua from “Ecole
centrale de Nantes”. It was a great pleasure to guide them during their placement periods and
gave me the opportunity to give a teaching dimension to my research. Merci.

Tender thanks to my family, especially my wife Aurélie and my daughter Louise for their
unconditional support despite the distance.

11

12

Chapter 1. Introduction.
1.1. Nutrients biogeochemical cycles.
« The first step of life» is one of the descriptions that could be used to explain the need
for nutrient analysis in the marine environment. The chemical composition of the ocean is
strongly influenced by photosynthesis undertaken by phytoplankton in the euphotic layer.
During this process, nutrients and trace elements are assimilated to facilitate growth and
functioning of the photosynthetic organisms. A fraction of organic matter is re-mineralised in
the euphotic zone and then taken up again through photosynthesis. However, the main part
of the remineralisation occurs in deeper waters, below the surface mixed layer. The elements
released during the remineralisation process include Carbon, Nitrogen, Phosphorus and
Silicon and are subsequently transported, through oceanic circulation and mixing processes to
the euphotic layer where ‘new’ primary production will occur (Chester 2009).
These coupled biological and physical oceanographic processes are part of a
biogeochemical cycle known as the “biological carbon pump”, which forms an important
control of the distribution of elements in the oceans. This process leads to the uptake and
depletion of nutrients, carbon and bioactive trace elements in the surface ocean, while
concentrations increase with depth. These biogeochemical cycles driven by biological
processes play a key role in controlling the planet’s climate since they are ultimately
controlling CO2 concentrations in the atmosphere.

1.1.1.

Nitrogen cycle.

The Nitrogen cycle is of great importance in the oceans. Low nitrogen availability is limiting
primary production in vast regions of the world’s oceans and can significantly reduce the
photosynthetic activity with ultimate effects on fish stocks. Therefore, it is important to
measure this element accurately. Nitrogen in the marine environment exists as different
chemical species, and is therefore implicated in a range of different reactions. Most of these
are metabolic reactions occurring in marine organisms, which have a need for nitrogen for
structural synthesis and growth. Nitrogen is a vital component of the amine groups (NH2)
present in all amino acids, which are the building blocks of all peptides and enzymes.
In the marine environment, nitrogen can be found in different oxidation states: Nitrate
(+V) NO3- , Nitrite (+III) NO2- , NO (+II), N2O (+I), molecular nitrogen (0) N2, ammonium NH4+
and ammonia NH3 (-III), in addition to numerous organic compounds containing nitrogen,
mostly amino-groups with oxidation state (–III) as part of primary amines, amino-acids,
proteins, and urea.
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The increasing interest in the study of the oceanic nitrogen cycle started over 40 years ago
for a number of reasons. The first being the recognition of increased nitrogen additions to the
environment being linked with anthropogenic activities (especially mineral fertilizers used in
intensive farming). Nowadays, the use of synthetic fertilizers, the intensification of the growth
of N-fixing crops including rice, and fossil fuel combustion, results in nitrogen emissions which
are almost equivalent to the natural fixation of nitrogen by biological processes (Falkowski
1997, Gruber and Galloway 2008). The Redfield ratio was empirically defined as C:N:P =
106:16:1 describing the stoichiometry of elements (Redfield 1934) . This ratio is still a central
reference used in biogeochemistry. However, recent work described elemental ratios of
marine organic matter different from the elemental Redfield ratio (Martiny, Pham et al. 2013,
Martiny, Vrugt et al. 2014). Organic forms of nitrogen and phosphorus have been measured
only recently on selected cruises, opening a new understanding of elements coupling in the
oceans (Somes and Oschlies 2015).

A second reason for the increased interest in the nitrogen cycle is due to the re-evaluation of
marine nitrogen fixation (Galloway, Dentener et al. 2004, Moore, Mills et al. 2009). The
residence time of nitrogen in the ocean is estimated to range between 2900 and 3400 years,
which is at least one order of magnitude lower compared with phosphate. The nitrogen cycle
is therefore much more dynamic by comparison, and could indicate global changes within a
few hundred years. The total amount of nitrogen fixed by phytoplankton has been amended
by a factor 2 since the 1980s (Galloway, Dentener et al. 2004), considered now to be between
100 and 200 Tg N / year. This leads us to reconsider the relative importance of diazotrophy
(direct fixation of N2 gas by bacteria) in oligotrophic oceans (almost 50 % of the primary
production), and especially in comparison with vertical supply of nitrate by mixing.
Diazotrophy is considered to be a key factor driving marine oligotrophic ecosystems, with
major implications for the carbon cycle, and exported primary production (Karl, Letelier et al.
1997, Karl, Michaels et al. 2002). However, recent work indicate that organic matter is key to
nitrogen cycling (Kalvelage, Lavik et al. 2013). In oxygen minimum zones (Hamersley, Lavik et
al. 2007, Karstensen, Stramma et al. 2008), factors regulating anamox-driven nitrogen loss
remain unclear (Lam, Lavik et al. 2009, Lam and Kuypers 2011).

The third main aspect involves the prediction of the influence of future climate change on
marine biological processes and the nitrogen cycle. Current models highlight an increasing
stratification of the oceans (Arrigo, Robinson et al. 1999, Le Quéré, Aumont et al. 2003) which
will lead to a reduced deep water supply of nitrate and consequently a reduced primary
productivity in mid and low latitude waters. The enhanced stratification will also potentially
lead to decreasing deep water O2 concentrations, higher denitrification and anammox rates
and consequently an increasing fixation of nitrogen species to balance the loss of N in low
oxygen waters. A potential implication is a reduced uptake of CO2 by the world’s oceans.
14

Moreover, any decrease of dissolved oxygen could also lead to the release of N2O (nitrous
oxide), a greenhouse gas with a radiation factor three hundred times higher than CO2.
Figure 1 displays biogeochemical considerations concerning the nitrogen cycle. Different
microbial nitrogen transformations occur above, below and across oxic/anoxic interfaces in
the marine environment (Arrigo 2005). Nitrite is highlighted in red to emphasize the central
role of this metabolic intermediate/product within and between N cycling pathways. Key
functional genes are shown in yellow: amo: ammonia mono-oxygenase; hao: bacterial
hydroxylamine oxidoreductase (unknown gene/enzyme in ammonia-oxidizing archaea
(AOA)); nir: nitrite reductase; and nor: nitric oxide reductase. For clarity, other functional
genes and the process of nitrate/nitrite assimilation are not shown.

Figure 1: Nitrogen cycling (Francis, Beman et al. 2007)

The major biological nitrogen transformation pathways are linked to their associated
enzymes as depicted in Figure 2.
Genes encoding enzymes that conduct the important transformations include those
for nitrate reductases (nas, euk-nr, narG, napA), nitrite reductases (nir, nrf), nitric oxide
reductase (norB), nitrous oxide reductase (nosZ), nitrogenase (nif), ammonium
monooxygenase (amo), hydroxylamine oxidoreductase (hao), nitrite oxidoreductase (nxr),
and hydrazine hydrolase (hh).
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Figure 2: Biological nitrogen transformation pathways (Canfield, Glazer et al. 2010)

1.1.2. Phosphorus cycle.

Phosphorus, literally “carrier of light”, is a unique element because of its availability to
transfer energy. It is abundant on Earth and is involved in numerous biological processes, such
as energy transfer, cell reproduction, and cell protection as phospholipids. Its biogeochemical
cycle is described in Figure 3. First, phosphorus is exposed to weathering through a tectonic
uplift and exposed to erosion, dissolved and particulate phosphorus is introduced into the
rivers and then transported to the ocean. In oceanic waters, bio-available phosphorus is taken
up by photosynthetic organisms in the photic zone, remineralised at depth or may become
associated with organic and mineral matter in sediments (Föllmi 1996, Ruttenberg, Heinrich
et al. 2003).
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Figure 3 : Phosphorus cycle (Ruttenberg, John et al. 2001).

Phosphorus can be found in the oceans in different forms (inorganic or organic,
dissolved or particulate), but is mainly found in a single oxidation state (+V): HPO42-. Although
phosphine (+III) can be found in anoxic sediments, it is assumed to play a minor role in the
global phosphorus cycle. We will be focusing here on the inorganic orthophosphate ions
(frequently referred to as phosphate) which form the most accessible form of P to
phytoplankton. Phosphate is a key player in fundamental biochemical reactions, energy
transfer and structural support. Although it is generally abundant in deep ocean waters,
phosphate is typically depleted in the euphotic zone of oligotrophic areas (ca. 40% of the
world’s oceans). Inorganic phosphate is the primary source of phosphorus for marine
phytoplankton uptake and is essential for their growth and reproduction (Moore 2008).

1.1.3. Changing oceans, a proxy.

Climate change impacts ecosystems (Walther, Post et al. 2002, Edwards and
Richardson 2004) and more data is required to further understand the changes and their
implications (Dickey 2003). The warming of the oceans and consequent enhanced
stratification will have significant consequences for ecosystem functioning and carbon
17

sequestration. Nutrient supply to microbial ecosystems will reduce as a result of the increased
stratification (Le Quéré, Aumont et al. 2003). Recent work has shown that nitrogen is limiting
phytoplankton communities in the sub-tropical North Atlantic Ocean (Moore 2008), whilst
phosphate and iron are co-limiting nitrogen fixation (Mills, Ridame et al. 2004, Moore, Mills
et al. 2009). Oligotrophic oceanic regions currently encompass ca. 40% of the world’s oceans
and are projected to increase in size as a consequence of global warming (Huisman, Pham Thi
et al. 2006). In the highly stratified low productivity oligotrophic waters, biological uptake
depletes nitrate and phosphate so that the dissolved concentrations fall below the detection
limit (around 20 nM) of conventional colorimetric analytical systems. This strengthens the
need for analytical techniques with low limits of detection for nutrients. In recent years,
sensitive techniques with a high sample throughput have been developed for shipboard
nutrient analysis at nanomolar levels (Zhang 2000, Woodward and Rees 2001, Zhang and Chi
2002, Patey, Rijkenberg et al. 2008) but these techniques are not suitable for in situ
autonomous oceanic deployment to allow long-term observations.
Although depleted levels of phosphate and nitrogen can limit primary production in
marine ecosystems (Tyrrell 1999), an increase in nutrient concentrations due to
anthropogenic inputs (Doney 2010) can lead to excessive phytoplankton growth, with
potentially adverse effect on water quality including nuisance blooms. Perturbations of
phytoplankton communities (such as species shifts) have been directly linked to enhanced
nutrient loadings (Todd, Thornhill et al. 2006).
In order to understand the biogeochemical cycles of nutrients, we require improved
spatial and temporal resolution data on environmental concentrations and this requires the
development of miniaturised analysers that can be deployed in situ to provide real time data
for long term time series (Johnson, Needoba et al. 2007, Prien 2007).

1.2. Marine technology
Over the past decades, marine analytical systems have been developed to determine
nutrients in sea water and have been based on a range of different techniques, e.g.:
electrochemistry (Jońca, León Fernández et al. 2011), chromatography (Dahllöf, Svensson et
al. 1997), and optical detection (Sandford, Exenberger et al. 2007). These techniques are
suitable for in situ analysis even if long term monitoring remains difficult because of biofouling effects. The main advantage of wet chemical analysers compared to these techniques,
is the potential to analyse ultra-low concentrations (nanomolar level), with methodologies
that are specific to the analyte, sensitive and accurate.
Also, new platforms appeared over the last decade to permit a 4D exploration of the
oceans, large networked observing systems are being deployed to permit the study of oceans
at spatial and temporal scales: drifting floats (Roemmich, Johnson et al. 2009), gliders
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(Griffiths, Jones et al. 2007, Pla and Tricarico 2015), or also autonomous airborne vehicles
(Waugh, Pluck et al. 2010). The development of these new platforms suggested therefore
developments of sensors to fit in them. A spectrophotometric system was deployed in situ to
monitor low concentrations of phosphate in parallel with a CTD, a fluorometer, a PAR sensor
(Adornato, Kaltenbacher et al. 2007). However, chemical analysers currently commercially
available (WetLabs, SubChemSystems, Ecolab) are still bulky and can in most cases not be
deployed in situ or on specific platforms.
Recent developments in micro-electro-mechanical systems (MEMS) permit the
miniaturisation of analytical systems. MEMS are miniaturised systems with parts made using
micro-fabrication techniques. So called ‘Lab-on-a-chip’ technology has emerged in recent
years thanks to the advances in micro-fabrication techniques for microfluidics technology
(Gardeniers and Van den Berg 2004, Ríos, Escarpa et al. 2006, Whitesides 2006, Crevillén,
Hervás et al. 2007, Arshad 2009). Such miniaturisation techniques lead to devices permitting
the integration of a chemical reactor of a few hundred microns, with fluidic handling and
electronic acquisition of the optical signal. The systems permit the application of chemical
methods on a miniaturised device that can then be deployed in situ in natural waters.

1.3. Objectives and thesis structure
The 3 main objectives were:
-

Optimisation of the existing seagoing nanomolar nutrient systems currently
operational at National Oceanography Centre Southampton (NOCS) and Plymouth
Marine Laboratory (PML), UK. Tests with existing system in order to improve control
and readout electronics, liquid wave guide technology and fluidic systems (Chapter II).

-

Develop miniaturised automated flow systems for precise, accurate and high
resolution phosphate measurements using optical approaches, involving the
molybdenum yellow (Chapters III) and molybdenum blue methods (Chapter IV).

-

Trials, validation and deployment of new instrumentation on research cruises, on time
series monitoring stations (Western Channel Observatory) and ships of opportunity
(Chapters III & IV).

The work presented in this thesis is divided into five chapters:
- The first chapter is an introduction to the work presented in this thesis providing a
background to nutrient biogeochemistry and microfluidic technology. Nutrient
biogeochemical cycles are described and the need for technology developments to access new
data for understanding marine waters parameters.
-In the second chapter, the methodology is presented: how to determine nitrogen species
and dissolved phosphorus with an overview of the existing shipboard systems with field data
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from an Atlantic Ocean cruise. Especially the use of a classical auto-analyser coupled with
liquid waveguide capillary cells (LWCCs) is featured in this chapter.
The technology used to miniaturize the analytical systems is described with details of the
microfluidic chip fabrication. This section provides an overview of the analytical techniques
and the microfluidic technology that is to be adapted for nutrient analysis.
-The third chapter describes a fully automated microfluidic analyser based on the
vanadomolybdate method for phosphate measurements, its characterisation and field
deployments.
-The fourth chapter describes the optimisation and development of a microfluidic platform
for phosphate measurements at low concentrations using the molybdenum blue method.
-The final chapter five, is a summary of the main points of the work achieved and
exploration for future developments.
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Chapter 2. Miniaturisation of nutrient chemical analysers.
This chapter delivers an overview of the existing shipboard systems that have been
used and constituted the starting point for the development of new analysers and further
miniaturisation with the fabrication methods used to manufacture the analytical systems
described in this work. However, many details of the analytical techniques are described
directly in the following chapters.
Most dissolved nutrients including nitrate, nitrite, ammonium, phosphate and silicon have
been measured for many years using manual colorimetric techniques, but the introduction of
automated techniques greatly increased the analytical possibilities for marine chemistry in the
1960’s with an increased sample-through-put and analytical quality (Ruzicka and Hansen
1975, Estela and Cerdà 2005, Ruzicka and Hansen 2008, Worsfold 2012, Worsfold, Clough et
al. 2013).
The advantage of automated over manual techniques involves their speed of operation
but also their ability to handle large numbers of samples, treating samples in a similar way
within strictly prescribed and maintained operating conditions. Flow-injection (un-segmented
flow stream) analysis (FIA) is faster than segmented continuous-flow analysis (SCFA, better
known as just CFA), but typically has a lower sensitivity and FIA is generally not viable for
nutrient analyses in sea water because of a low colorimetric sensitivity (Patton and Crouch
1986).
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2.1.

Nitrate, nitrite and phosphate analyser coupled with Liquid Waveguide Capillary
Cells.

2.1.1.

Nitrate and nitrite.

In the absence of a suitably sensitive technique for the direct and specific determination
of the nitrate ion, the most widely used technique therefore relies on its reduction to the
nitrite ion, by various methods, which is then reacted to form a diazo-couple compound. This
then gives the determination of a total nitrate plus nitrite, and so the nitrite originally present
in the sample require separate determination by omitting the reduction step, and the
concentration is to be subtracted from the nitrate plus nitrite result to obtain the nitrate
concentration.
Bendschneider and Robinson (Bendschneider 1952) were the first to investigate the use
of sulphanilamide as a diazotizing agent and N-(1-naphthyl)-ethylenediamine dihydrochloride
(NEDH) as a coupling agent within a sample in a seawater matrix. These workers observed that
to obtain the maximum colour development, the sample should be mixed with the
sulphanilamide and hydrochloric acid before NEDH addition, and they also showed that the
final solution should have a pH lower than 2.4.
Reduction of nitrate was formerly performed off-line prior to using the segmented flow
analysers, as in manual methods, but on-line systems based on copperized cadmium column
in the form of granules, wire or tube, to carry out this reduction process, are common in CFA
instruments (Figure 4).
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Figure 4: Reduction of nitrate to nitrite with cadmium.

The nitrate reduction pH is optimal at ca. pH 7.8 (Zhang 2000). Seawaters with an
appreciable salinity naturally have a pH in this region and a buffering capacity to be unaffected
by the relatively low concentration of ammonium chloride included in the method. The role
of ammonium chloride is understood to involve the complexation and removal of ionized
cadmium, a by-product of the reduction of nitrate to nitrite, yet some published methods refer
to it as a buffer (Moorcroft, Davis et al. 2001). A solution containing only ammonium chloride
does not act as a pH buffer, pH must be adjusted to 8-8.5 (Henriksen and Selmer-Olsen 1970),
otherwise a substantial loss of sensitivity and precision can be expected (Collos, Döhler et al.
1992). Various alternatives to ammonium chloride, such as ethylene-diamine-tetra-acetic acid
(EDTA), sodium tetraborate, ammonia, are indicated to prolong Cd column life by preventing
the formation of cadmium hydroxide or carbonate (Wood, Armstrong et al. 1967). In any case,
the HCl concentration in the colour-producing reagent must be such that the pH is maintained
below 2.4 during the reaction (Moorcroft, Davis et al. 2001). The efficiency of the reduction
step must be checked to avoid significant errors that could occur (Garside 1993).

2.1.2.

Soluble reactive phosphate (SRP).

Dissolved orthophosphate in the marine environment is the key phosphorus species
and readily taken up by photosynthetic organisms. Under low phosphate conditions,
organisms may use dissolved organic phosphorus forms by converting them to
orthophosphate via enzymatic and microbiological reactions (White and Metcalf 2007).
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Ortophosphate occurs in a number of protonated forms, depending on the ambient
pH. Orthophosphoric acid, dihydrogen phosphate and hydrogen phosphate are the main
phosphate species and have following equilibrium constants (Kopp and McKee 1979) .
H3PO4

H+ + H2PO4-

pKa=2.12

H2PO4-

H+ + HPO42−

pKa=7.21

HPO42−

H+ + PO4 3−

pKa=12.67

The majority of the reported techniques used to measure inorganic phosphate are
based on the reaction of orthophosphate with an acidified molybdate reagent to yield a
phosphomolybdate complex (Boltz and Mellon 1947). This complex is subsequently reduced
to a highly coloured blue compound. The reduction step has been developed and adapted
over time, early work had been achieved with stannous chloride, but this was shown to be
temperature dependant and subject to a high salt error (Murphy and Riley 1962). Ascorbic
acid has been used widely as a reduction agent (Greenfield 1954).
The phosphate method has been amended by addition of trivalent antimony ions
(Murphy and Riley 1962). Using ascorbic acid as a reductant, the blue phosphomolybdic
complex formed is stable for hours and its intensity is not influenced by any variations in
salinity. Even if ascorbic acid has limited stability over time (days to weeks), most current
techniques are using molybdate, sulphuric acid, antimony potassium tartrate and ascorbic
acid as reducing agent; this being the case for both manual and automated techniques
(Motomizu and Li 2005).
To obtain a rapid colour development and to depress the interference of silicon, pH
should be below 1 during reduction process. Moreover, the ratio of sulphuric acid to
molybdate has to be between 2 and 3 (Harvey 1948). If not optimised to be specific,
interferences with silicate, arsenate, hydrogen sulphide and even iron, nitrate and fluoride
ions can potentially disturb the signal (Patey, Achterberg et al. 2010). Higher concentrations
of phosphate can be measured with a modified version of this technique by increasing the
amount of antimony (Harwood, van Steenderen et al. 1969).
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An alternative analytical phosphate method has been developed by (Hager, Atlas et al.
1972), and is known often as the “OSU” (Oregon State University) method. The antimony salt
is replaced by hydrazine as a reductant. The OSU phosphomolybdate complex is different from
Murphy and Riley’s method; it seems to be affected far less by the flow-cell coating effects
that can be caused by antimony-containing salt. Actually, this salt tends to stick to the glass
coils and can affect the signal if the measurement cell window is covered. However, this
reaction requires heating of the solution to 65 to 70 °C.
2.1.3.

Cruise D346

My main objective on cruise D346 from Freeport to Lisbon in the Atlantic Ocean
(transect 24-26°N) was to apply the system developed by Matthew Patey (Patey, Rijkenberg
et al. 2008) to measure nanomolar concentrations of nitrate plus nitrite referred to as nitrate
and phosphate. Many aspects of this transect will be and have been studied but it was the
first time we get accurate nanomolar nutrients measurements at the surface of this wellstudied transect. This application gave me the opportunity to further improve the existing
system and comprehend the challenges to miniaturise this method.
Gas-segmented continuous-flow colorimetric method was used for both phosphate
and nitrate. The principles of the chemical methods have been described by Grasshoff
(Grasshoff 1976). The autoanalyser is coupled with liquid waveguide capillary cells (LWCC) to
reach nanomolar limits of detection (Figure 6, Figure 7, Figure 8). Blanks were measured with
deionised water (Milli-Q, Millipore) and low nutrients seawater (LNSW), this water being aged
several months in the lab at room temperature and with light. Standards were measured in
deionised water (Milli-Q, Millipore) and LNSW to correct the salt effect from the seawater
matrix.
Samples were drawn from Niskin bottles on the CTD into 10% HCl clean 60 mL LDPE
bottles from Nalgene and kept refrigerated at approximately 4oC until analysis. I added an
auto-sampler from Skalar ahead of the system in order to increase the repeatability of this
step. Sampling time was 150 seconds and the wash time was 150 seconds leading to 1:1 ratio.
Analysis was undertaken on a modified Burkard Autoanalyser with one main peristaltic pump
and reaction channels, one for phosphate and one for nitrate.
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The detection cells were Liquid Core Waveguide Capillary Cells (LWCC) of 2 metres
long, from WPI instruments. Spectrophotometric detection was achieved with tungsten lamps
as light sources and 2 spectrometers (USB-2000 for phosphate and QE-65000 for
nitrate/nitrite), these devices were linked with fiber-optic connections, all this gear was
supplied by OceanOptics. Data acquisition was undertaken using the software Spectrasuite in
2 steps. First the spectrum of the coloured complex provides a value of the intensity of the
signal for each wavelength. Then once insured the signal is qualitative and quantitative, the
absorbance of the signal is measured for the wavelength of interest for each compound. The
selected wavelengths for nitrate and phosphate are respectively 540 nm and 710 nm.
The general performance of the analyser is monitored via the following parameters:
sensitivity, baseline value, intensity of the signal, regression coefficient of the calibration curve
and cadmium column efficiency. The efficiency of the copperized granulated cadmium column
was checked and cleaned if required. The sensitivity of the analyser stayed relatively constant
throughout the cruise. NB: Channels were washed daily with 10% triethanolamine, methanol
and 2M HCl. This experiment gave the opportunity to identify few problems that have been
encountered:
-The first was with the software in order to read both channels simultaneously. The
software does not support to be given two references, one for each channel. Therefore, I
added a reference monitor that was required for the second acquisition. Also, in order to
facilitate the use of the instrument, a user friendly interface was developed in Matlab to
process the data directly: calibration and samples measurements [Figure 5].
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Figure 5: User-friendly interface developped in Matlab for the nanomolar analyser.

-The second problem was due to contamination of samples in the lab at sea. This
problem had been anticipated and so I set a glove bag, flushed with oxygen-free nitrogen,
around the sampler to prevent any contamination from the air. For example, cigarette smoke
could potentially lead to an increase in apparent nitrogen species concentrations (Eatough,
Benner et al. 1989). The first sample read was repeated at the end of the run to make sure of
the lack of contamination. Also, I designed a frame to further fix the waveguides vertically in
order to help the air bubbles to leave the capillary cell [Figure 7]. The liquid waveguide
capillary cells tend to eliminate air bubbles more easily if the cell is standing vertically.
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Figure 6: Photograph of the initial setup on-board RSS Discovery.

Overall 135 stations were undertaken with samples from surface up to 300m deep
(Figure 9). Calibrations of the system enable to insure the quality of the signal. The detection
limit measured was 2 nM for nitrate with a precision of 1.8% at 10 nM and the detection limit
for phosphate was 1 nM with a precision of 2.2% at 10 nM. These results have been published
(Honey, M et al. 2013) and is reported in Appendix 1.

Figure 7: CAD of the structure designed to enhance the stability of the shipboard nanomolar system with slits for the
waveguides.
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a/

b/

Figure 8: a/ Schematic of the nitrate + nitrite SCFA-LWCC system; b/ Schematic of the phosphate SCFA-LWCC system. In
these systems, the glass coils used are 1.6-mm ID. Reported from (Patey, Rijkenberg et al. 2008)
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Figure 9: Contour plots of the dataset acquired on D346, overall 135 stations were undertaken with samples from surface
down to 300 m deep. (A) temperature (˚C), (B) nitrate plus nitrite (nM), (C) phosphate (nM).

This analyser was also used to monitor low phosphate concentrations in a coral reef
experiment. Limited phosphate concentrations result in an increased susceptibility of corals
to temperature- and light-induced bleaching. The model described, improves the
understanding of the detrimental effects of coastal nutrient enrichment on coral reefs, which
is urgently required to support knowledge-based management strategies to mitigate the
effects of climate change (Wiedenmann, D/'Angelo et al. 2012) (Appendix 2).
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2.1.4.

Cruise D361

The project aim was to quantify the supply and determine the biogeochemical cycling of
Fe and other nutrients, and relate this to N2 fixation, diazotroph species distribution and N*
fields (Schlosser, Klar et al. 2014). We were responsible for investigating the spatial and
temporal variations of the micromolar nutrient species; Nitrate, Nitrite, Silicate, Ammonium
and Phosphate during the research cruise from Tenerife, working south and offshore of the
upwelling regions of the coasts of Mauritania and Senegal, and where necessary to deploy
innovative analytical techniques for nanomolar nutrient concentrations.
Following the near shore survey a detailed CTD and surface transect from east to west
offshore was carried out from Senegal and south of the Cape Verde Islands. Surface waters
were then sampled on a southerly transect to investigate when the nanomolar phosphate
concentrations started to increase into the southern gyre where the iron concentrations
dropped to trace levels. Once this was established we then commenced a CTD transect to the
North-west until about 20° North. Overall the aim was to carry out sampling and analysis
according to Go-Ship protocols (Hydes, Aoyama et al. 2010) wherever possible, and to
compare results with the certified International Nutrient reference materials provided by
KANSO, Japan, this being part of a global programme to improve nutrient analysis data quality
world-wide.
Nanomolar nitrate, nitrite and phosphate were detected using colorimetric methodologies
as with the standard segmented flow analyser, but using 2 metre Liquid waveguides capillary
cells as the flow cells.
Water samples were taken from either a 24 x 20 L stainless steel CTD/Rosette system
(SeaBird), or an automatically fired (Sea-Ram system, (SeaBird)) CTD 24 bottle system on a
trace metal free titanium rosette system. These samples were processed within the trace
metal free sampling laboratory container. The CTD bottles were sub sampled into acid clean,
‘aged’, 60 ml HDPE (Nalgene) sample bottles and analysis for the nutrient samples was in most
cases complete within 2-3 hours of sampling.
Clean handling techniques were employed to avoid any contamination of the samples,
particularly for the ammonium samples. Gloves used were Dura-Touch, and all people
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sampling prior to the nutrients from the CTD wore these gloves. Samples were not decanted
and kept tightly closed until just before analysis for the ammonium, this to avoid any
contamination from external sources. No water column water samples were frozen or stored
in any way.
Most of the measurements were carried out using the Plymouth Marine Laboratory
system developed by Malcolm Woodward, that is able to run 3 channels simultaneously:
nitrite, nitrate and phosphate. However, I also had the opportunity to compare the
measurements with the nanomolar system described in the previous section for low
phosphate measurements (Figure 10). This inter-calibration exercise with reference material
validates the results of the computerized system.

Comparison of nanomolar phosphate
analyzers - D361
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Figure 10: Comparison plot of phosphate measurements operated with two different analysers during D361.
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Figure 11: Plots for the full depth CTD transect from Senegal to the eastern central Atlantic. The different water masses
that relate to their different nutrient signatures can be easily observed.
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Figure 12: Detailed surface nutrient structures for the upper 500 m with fluorescence maximum zone and the primary
nitrite maximum zone where the biological activity generates this nitrite as well as an ammonium maximum area in the
water column.
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2.2.

Ammonium shipboard system.

The global ammonium budget is about three orders of magnitude smaller than nitrate.
However, ammonium recycling is a key factor of the nitrogen cycle in oceanic systems.
Ammonium is considered as one of the most difficult nutrients to measure for several reasons:
samples are prone to contamination with ammonia from the laboratory atmosphere, hands…
and the concentrations are typically ultra-low (nM levels) and therefore most of the available
techniques cannot detect the compound at natural levels.
The most widely used colorimetric method for ammonium is based on the reaction
developed by Berthelot in 1859. Under alkaline conditions (pH 8 to 11.5), ammonia reacts with
hypochlorite to form monochloramine, which in the presence of phenol and excess
hypochlorite forms the indophenol blue complex:

Various authors have adapted this reaction for the direct CFA determination of ammonia
in seawater (Tréguer, Le Corre et al. 1979).
In recent years, fluorometric techniques have been developed to measure
ammonia/ammonium in sea water. These techniques are very sensitive and allow
measurements in oligotrophic waters. There are two main techniques available: direct analysis
of ammonium using an acidic buffered OPA reagent (Genfa and Dasgupta 1989, Kérouel and
Aminot 1997, Holmes 1999, Abi Kaed Bey, Connelly et al. 2011). However, these
measurements are affected by the presence of amino acids and primary amines.
The second technique is to convert ammonium to ammonia under alkaline conditions. The
equilibrium is then moved to ammonia, which is then pumped across a Teflon membrane
where the ammonia diffuses through into a fluorescent reagent and then detected. This
technique can be applied to natural waters (Watson Roslyn J. 2005, Plant J.N. 2009) and
oligotrophic ocean (Jones 1991, Woodward and Rees 2001)
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A study of the performance of the o-phtaldialdehyde fluorescence method and potential
interferences has been carried out. The experimental work was conducted on a high
performance ammonium analyser.

Figure 13: Photograph of the ammonium shipboard system assembled and operating during D333.

Figure 14: Schematic of the ammonium analyser.

I characterised the ammonium system using the standard addition method which
resulted in a high resolution calibration of the analyser with a limit of detection below 5 nM
and the precision determined at 50 nM was 4%. (Figure 15).
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Figure 15: Calibration of the ammonium analyser.

I carried out investigations for assay interferences such as salinity, matrix effects,
background fluorescence, particles, amino acids & free primary amines [Figure 16], dissolved
organic matter, reagent and standard stability. Effect of salinity on the signal response was
significant and therefore it is important to monitor salinity of the samples in parallel. As the
salinity decreases, the refractive index of the solution decreases and causes shifts in the
intensity of the light through the matrix.
The characterisation of the method involved the measurement of the effect of aminoacids and mono-amines on the response signal. I compared the signal response of the
ammonium analyser with eight potentially interfering amino-acids and amines [Figure 16]. In
all cases, the signal was suppressed to differing degrees and so this is restricting the use of
this method to oligotrophic areas with low concentrations of amino-acids or amines. More
details on this study can be found in the paper attached in Appendix 3.
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Figure 16: Study of interferences of amino acids and free primary amines on the response signal.
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2.3.

Microfluidics analyser fabrication.

2.3.1.

Microfluidics chip fabrication.

Microfluidics appeared in the 1990s with the developments of MEMS (Micro-ElectroMechanical Systems) and miniaturisation (Tabeling 2005). Early devices were achieved using
silicon-based MEMS (Madou and Florkey 2000). The first applications for chromatography
(Manz, Graber et al. 1990) opened a new field and the development of numerous systems,
involving separation (Harrison, Fluri et al. 1993), fluid transfer systems and chemical reactors
(Eijkel, Prak et al. 1998). The potential integration of multiple steps of the analysis led to the
development of a new domain of integrated analysis systems, popularly called “Lab-on-achip” technology (Oosterbroek and Van den Berg 2003).
Many rapid prototyping techniques (such as stereolithography, selective laser sintering,
fused deposition modeling, laminated object manufacturing, and more recently three
dimensional printing) have been developed during the last decade to produce low-cost
devices. However, the techniques often compromise optical quality or must be produced in
clean room facilities, which dramatically increase their individual cost. Thermo-polymers that
are chemically resistant, such as poly-methyl methacrylate (PMMA) and cyclic olefin
copolymer (COC), are becoming more widespread in microfluidic applications because of their
ease of use (Becker and Locascio 2002).

These materials were chosen for our work for their potential to develop a rapid
prototyping method by micro-machining these substrates with a LPKF S100 micromill (LPKF
Laser & Electronics). The chips include two halves that are micro-milled separately prior to
solvent bonding (Brown, Koerner et al. 2006, Ogilvie and et al. 2010).

The chip manifold was first designed using the software Solidworks (Dassault Systems
Corp.) and converted in Circuit Cam software (LPKF Laser & Electronics) which calculates tool
paths. The channels and threads for microfluidic connectors (Minstac, The Lee Company) are
imported into the Board Master software which controls the micro-milling machine. The two
halves are cleaned thoroughly before the solvent bonding: substrates are rinsed with
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detergent, deionised water (Milli-Q, Millipore) and ethanol (Sigma, analytical grade), then
dried with pure Nitrogen gas to ensure the homogeneity and cleanliness of the surface. The
two halves were exposed to chloroform (CHCl3, Sigma, analytical grade) vapour by suspending
these in a petri dish containing chloroform warmed at 25ºC. This technique has demonstrated
a strong bonding and reduces the surface roughness which permits optical detection into the
channels (Taberham, Kraft et al. 2008, Ogilvie and et al. 2010).

a/

b/

c/

d/

Figure 17: a/ Example of a CAD designed chip ; b/ Micromill Protomat S100 (LPKF) ; c/Cabinet dedicated to solvent
exposure of the devices ; d/ Press for bonding (LPKF).

The use of tinted PMMA to manufacture optical measurement cells with thin windows
demonstrated an improvement of the linearity of the system and an increase of the sensitivity
by a factor of 6 when compared with clear material the for absorbance measurements
(Floquet, Sieben et al. 2011). The combination of the solvent bonding technique with the use
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of tinted PMMA material allows the fabrication of robust and long absorption cells. This
fabrication was used to manufacture the microfluidic analyser described in Chapter 3 with a
measurement cell of 25 mm long, as well as in Chapter 4 with a measurement cell of 139 mm
long.

Feature

Color

Milling
depth

Tool

Tool settings
Rot.

Outline

black

through
all

2.0 EM
0.7
through Spiral
Fluidic holes
yellow x 19 all
drill
Fluidic core
green
0,5 0.4 EM
1.84 chip
Optics pockets
blue x2
/ 1.34 lid 1.0 EM
through
Holes (pin & mount) red x 6
all
2.0 EM
2.0
through Spiral
Valve holes
red diam. 2 all
drill

Speed

max feed
per run

z-speed

25000

20

6

25000
15000

0
5

4
2

25000

25

10

25000

20

6

20000

0

0,5

0,2

0,4

Table 1 : Example of milling tools and settings used for the fabrication of the microfluidic flow cell below.
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Figure 18: Schematic of the blue phosphate system’s microfluidic chip designed in Solidworks. The colors correspond to
the features described in the table above. This design will be further converted as a tool path using the CircuitCam
software.
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2.3.2.

Miniaturisation of computer controlled analyser.

Once the microfluidic chip has been fabricated, I connect all the fluidic handlings:
valves, Minstac connectors (LeeCompany products), tubing and syringe pumps (Nanomite).
The system is controlled by computer using custom software developed with Victoire
Rérolle (written in Labview, National Instruments Corp., US). Different versions of the virtual
instrument software were developed to follow the evolution of the analyser readiness:
-

A manual version with a control of each element individually. This is the first to be
used to test fluidic connections, rinsing or debugging.

-

Then an automated version was developed with a user friendly interface to control
the LEDs voltage and the spectrometer integration time. The system can run
continuously until being stopped by the user.

-

An automated eversion of the system was developed for the photodiode voltage
acquisition. Raw data were saved in a single table with a different line for each
measurement point. The first column is the time elapsed since the start of the
measurement, the second column is the photodiode voltage output. Other
parameters could be logged to filter the data afterwards like the LED status or the
valve status.

Below is an example of a flow diagram I developed for the nitrate/nitrite analyser
starting from my understanding of the benchtop system to automate the calibration phase
[Figure 19] and then the samples measurement phase [Figure 20].
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Figure 19: State machine for the micro-analyser calibration with a set of 2 standards for nitrate and 2 standards for
nitrite.
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Figure 20: State machine for the micro-analyser measurements for nitrite and nitrite plus nitrate.
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Once the different steps of the analyser were validated with a computer controlled
program. I used an electronics package developed by Ed Waugh within the Sensors group at
NOC, to translate this state machine using a miniaturised microelectronics platform to
communicate with the different elements of the system: LEDs, valves, pump. The data were
logged into a “comma separated file” that was further analysed using Matlab scripts I
developed with Vincent Sieben. These calculations produce data plots to visualise the dataset
[Figure 21] and permit the direct calculation of calibration and concentrations of samples.

Below is copied an example of a plotting script I used for the first versions of the nitrate
calibration tests:

clear all; close all;
filename = '20110722test1';
% Set measurement states
sample_states = [4 ,7 ,10 ,14 ,17 ,20]';
% MQ , STD1, STD2,
MQ, std3 std4
% Set window times after state starts
start = 60; %170
stop = 120; %175
last_point = 1; %subtract last point if cycle in-complete
% File I/O
filename_input = [filename, '.TXT'];
fid = fopen(filename_input, 'r');
file_data = textscan(fid, '%f %f %f %f %f %f %f %f %f %f %f %f %f
%f', 'delimiter', ',', 'EmptyValue', -Inf);
fclose(fid);
%file_data{1}; % time
%file_data{2}; % state
file_data{3} = file_data{3} ./ 1000 .* 5 ./ 2.^16;
% A0 reference channel
file_data{4} = file_data{4} ./ 1000 .* 5 ./ 2.^16;
% A1 measurement channel
file_data{5} = file_data{5} ./ 1000 .* 5 ./ 2.^16;
% A2
file_data{6} = file_data{6} ./ 1000 .* 5 ./ 2.^16;
% A3
file_data{7} = file_data{7} ./ 1000 .* 5 ./ 2.^16;
% A4
file_data{8} = file_data{8} ./ 1000 .* 5 ./ 2.^16;
% A5
file_data{9} = file_data{9} ./ 1000 .* 5 ./ 2.^16;
% A6
file_data{10} = file_data{10} ./ 1000 .* 5 ./ 2.^16; % A7
measure_markers_ref = -Inf()*ones(size(file_data{1}));
%marker
arrays for plotting
measure_markers_meas = -Inf()*ones(size(file_data{1}));
% Isolate the start and stop time for measurement windows
Sample_state_size=size(sample_states);
for i = 1:Sample_state_size(1)
%Find the state times
sample_ind = find( file_data{2} == sample_states(i) );
%Find the transitions when state is repeated
sample_der = diff(sample_ind);
%Create array of transitions
sample_tran = find(sample_der > 10);
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%Select out transition indices
sample_end_ind{i} = [ sample_ind(sample_tran);
sample_ind(end) ];%end
sample_start_ind{i} = [ sample_ind(1);
sample_ind(sample_tran+1) ];%start
% Calculate means
for j = 1:size(sample_end_ind{i})-last_point,
%add a -1
if need be
sample_mean_ref(j,i) = mean(
[file_data{3}(sample_start_ind{i}(j)+start : sample_start_ind{i}(j)+stop )
] );
sample_mean_meas(j,i) = mean(
[file_data{4}(sample_start_ind{i}(j)+start : sample_start_ind{i}(j)+stop )
] );
measure_markers_ref(sample_start_ind{i}(j)+start :
sample_start_ind{i}(j)+stop ) = sample_mean_ref(j,i);
measure_markers_meas(sample_start_ind{i}(j)+start :
sample_start_ind{i}(j)+stop ) = sample_mean_meas(j,i);
end
end
% Calculate abs.
for i = 1:size(sample_states)-1,
for j = 1:size(sample_end_ind{i+1})-last_point,
abs(j,i) = 1*log10(sample_mean_meas(j,i+1)/sample_mean_meas(j,1));
end
end
% Plotting
h = figure;
hold('all');
plot1 = plot(file_data{1},file_data{3}, 'LineWidth',1);
plot4 =
scatter(file_data{1},measure_markers_ref,'LineWidth',1);
plot2 = plot(file_data{1},file_data{4}, 'LineWidth',1);
plot3 =
scatter(file_data{1},measure_markers_meas,'LineWidth',1);
grid;
ax1 = gca;
ylabel('Photodiode Voltage (V)');
xlabel('Time (s)');
title(['Nitrate - Microsystem, File: ', filename_input]);
set(plot1(1),'DisplayName','Reference channel');
set(plot2(1),'DisplayName','Measurement channel');
set(plot3(1),'DisplayName','Measurement times');
set(plot4(1),'DisplayName','Reference times');
legend(gca,'show');legend('Location','NorthEast');
%subsection
x_lower = 1750; x_higher = 5500; x_grid = 500; %
xlimits = get(ax1,'XLim');
set(ax1,'XLim', [x_lower x_higher]);
set(ax1,'XTick',x_lower:x_grid:x_higher);
set(ax1,'XTickLabel', [0:x_grid:x_higher-x_lower]);
ylimits = get(ax1,'YLim');
set(ax1,'YLim', [3 5.5]);
set(gcf, 'PaperPositionMode', 'auto');
% Export figure
print(h, '-dpng', '-r600', filename);
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Figure 21: Graph of the channels measurements signal for nitrate calibration with 2 standards.

This analyser was characterised and applied with field measurements. Results of this
nitrate/nitrite analyser developments have been published (Beaton, Cardwell et al. 2012) and can be
found in appendix 4.
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Chapter 3. A high performance microfluidic analyser for phosphate
measurements in marine waters using the vanadomolybdate method

This chapter has been published in Talanta 116 (2013) 382-387 that is presented in
appendix 5. It describes the development, fabrication and field deployment of an autonomous
analytical system based on the vanadomolybdate method for the determination of soluble
reactive phosphorus in seawater.

3.1.

Introduction

Phosphorus is a key nutrient in the marine environment and is involved in a range of
biochemical processes (Föllmi 1996, Ruttenberg, Heinrich et al. 2003). Phosphate is the
primary source of phosphorus for marine phytoplankton uptake and is essential for their
growth and reproduction (Moore 2008). Although depleted levels of phosphate can limit
primary production in marine ecosystems (Tyrrell 1999), an increase in phosphate
concentrations due to anthropogenic inputs (Doney 2010) can lead to excessive
phytoplankton growth, with potentially adverse effect on water quality including nuisance
blooms. Perturbations of phytoplankton communities have been directly linked to enhanced
phosphate loadings (Todd, Thornhill et al. 2006). Consequently, limits for phosphate
concentrations in natural waters are being reduced by regulatory organisations (Rocha and
Woodward 2011). This evolution of international water quality policy is increasing the need
for the accurate determination of phosphate with sensitive automated analytical systems.
Various analytical techniques have been applied to measure soluble reactive
phosphorus (SRP) in seawater, including ion chromatography (Carrozzino and Righini 1995,
Dahllöf, Svensson et al. 1997) and electrochemistry (Jońca, León Fernández et al. 2011).
However, flow analysis techniques (Estela and Cerdà 2005) remain the first choice for
seawater analysis (Grasshoff 1976) because of their selectivity, sensitivity and accuracy. The
molybdenum blue method is the most commonly used analytical approach, involving a
reaction between orthophosphate and a molybdate donor reagent, with subsequent
reduction of the product to a blue coloured complex using ascorbic acid (Murphy and Riley
1962). Alternative colorimetric techniques which are also based on the formation of
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heteropoly acids with molybdenum, can be used for SRP determination, including the
vanadomolybdophosphoric method (Motomizu and Li 2005), as described here.
In situ analysis of phosphate is required to address the need for data at high spatial
and temporal resolution (Hanrahan, Ussher et al. 2002, Dickey 2003, Prien 2007). This
approach removes potential alterations of water samples during the sampling, sample
handling and storage; these steps all constitute the main sources of contamination in standard
analytical methodologies (Worsfold 2006). In the past, a range of autonomous analytical
systems based on wet-chemistry have been developed for the determination of phosphate in
natural waters (Thouron, Vuillemin et al. 2003, Adornato, Kaltenbacher et al. 2007, McGraw,
Stitzel et al. 2007, Barnard, Rhoades et al. 2009, Vuillemin, Le Roux et al. 2009, Slater, Cleary
et al. 2010). One of the main challenges for the development of in situ chemical systems
involves the reduction of their physical size. Large instruments are difficult to deploy, often
expensive, and cannot be used on smaller marine platforms (e.g. buoys, remotely operated
vehicles, CTD rosette frames). In addition, there are restrictions on the length of time that
instruments can be deployed autonomously due to limitations on reagent and power
availability, and often limited reagent stability.
To address these limitations we have applied ‘lab-on-a-chip’ technology (Daykin and
Haswell 1995, Sieben, Floquet et al. 2010, Beaton, Cardwell et al. 2012) to miniaturise already
sensitive and accurate chemical methods. This approach addresses many of the technical
constraints of in situ deployments and preserves the high performance of chemical analysis in
natural waters. This study describes an automated low power and low reagent consuming
microfluidic analyser to monitor SRP in marine waters. The microfluidic analyser uses the
stable vanadomolybdate reagent and was field-tested and compared with bench-top
analytical systems in coastal and open ocean waters. The combination of a stable reagent, low
reagent use and low power consumption makes the micro-analyser a viable and economical
option for implementation on various deployment platforms for monitoring phosphate in
marine and freshwater systems.
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3.2.

Material and methods

3.2.1.

Chemical method

The determination of SRP reported here is based on the rapid direct reaction of
orthophosphate with an acidified vanadomolybdate reagent which produces a yellow
coloured complex (Kennedy and Weetman 1971, Ruzicka and Hansen 1975, Singh and
Zakiuddin Ali 1987, Clesceri, Greenberg et al. 1998). This “yellow” method was chosen for the
stability of the reagent mixture over time, reported to be over one year, compared with four
to six weeks for the classical “blue” method (Bowden and Diamond 2003). The inorganic
phosphorus species in seawater include orthophosphoric acid, dihydrogen phosphate, and
hydrogen phosphate, and their abundance at equilibrium depends on the pH. Under acidic
conditions, ortho-phosphoric acid is dominant and reacts with molybdate ions to form
molybdophosphoric acid:
H3PO4 + 12 MoO3

H3PMo12O40.

In the presence of vanadate ions, this complex will form vanadomolybdophosphoric acid,
H4PVMo11O40, with a molar absorptivity of 3.6 x 103 mol-1 cm-1 at 385 nm (Motomizu and Li
2005).
The vanadomolybdate stock solution used in this study was prepared with 7.2 g
ammonium molybdate (A-7302, Sigma, Dorset, England) and 0.36 g ammonium metavanadate
(20555-9, Aldrich, Dorset, England) dissolved in 95 mL concentrated hydrochloric acid (SigmaAldrich, ACS reagent 37%) and made up to 1 L with high purity water (MilliQ, Millipore, >18.2
Ω cm-1). Phosphate working standards were prepared from a stock solution of 3 mM
phosphate (0.40827 g L-1 of potassium dihydrogen phosphate, Sigma-Aldrich), and prepared
using low nutrient sea-water (LNSW), collected from North Atlantic surface waters and aged
in the laboratory for at least one year. A silicate stock standard of 1 mM (0.188 g L-1 of sodium
hexafluorosilicate, Sigma-Aldrich) was used to spike solutions for studies into silicate
interference on the phosphate measurements. The error generated by the silicate
interference was investigated by preparing a 50 nM phosphate standard in LNSW with
additions of silicate that ranged from 1 µM to 100 µM, corresponding to levels found in natural
waters (World Ocean Atlas 2009, NOAA).
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3.2.2.

Microfluidic analyser description

The optical absorption measurement of the yellow complex provides a simple
measurement of SRP. High power UV-LEDs (XRL-375-5E, 375 nm, 19-26 mW, Roithner) were
used as a light source, and photodiodes (TSL257-LF, Texas Advanced Optoelectronic Solutions
Inc.) for the absorbance detection (O’Toole and Diamond 2008). Both LEDs and photodiodes
were directly glued onto the microfluidic device with an optical adhesive (Norland 63). Many
other microfluidic devices use a short optical path length (Slater, Cleary et al. 2010) or complex
solutions for coupling the optical components to the chip (Mogensen and Kutter 2009),
however these may negatively affect the sensitivity and the limit of detection (LOD) of the
analysis.
The microfluidic device was produced by micro-milling (LPKF Protomat S100 Micromill) of
5.0 mm thick tinted poly (methyl methacrylate (PMMA, Plexiglas GS 7F60, Röhm). The use of
tinted PMMA reduces the amount of light reaching the detector coming from ambient
sources, and also any stray light from the LEDs that did not pass through the analyte (Floquet,
Sieben et al. 2011). A solvent vapour bonding procedure was used to bond the two halves of
the chip: the microfluidic manifold and the lid (Ogilvie, Sieben et al. 2010). This technique
produces smooth channel surfaces and allows for longer optical cells. The specific optical setup of the micro analytical system was characterized using varying concentrations of a food
colouring dye (Yellow food colouring, Super Cook). The fluidic manifold of the chip included
two absorbance cells of 25 mm length: a reference and a measurement cell (Figure 22). All
channels were 150 μm wide and 300 μm deep, except the two optical absorption cells which
were 300 μm wide and 300 μm deep. Fluid handling was performed using seven micro-inert
valves (LFNA1250125H, Lee Products Ltd.) which permitted switching from the sample inlet to
blank or on-board standards stored in 500 mL fluid bags (Sartorius Stedim). A stepper motor
was used to drive two 200 µL liquid delivery syringes, which were controlled by two Hall-effect
sensors. The pre-calibrated distance between these Hall-effect sensors and a magnet placed
on the sliding plate of the pump formed a linear displacement transducer for the syringe
pump. The dead volume of the microfluidic device was 500 µL. The dead volume was
minimised as all fluidic connectors, optical alignment grooves, valve mounts, and syringe
pump mounts were directly milled into the microfluidic device. Seawater was filtered at the
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sampling inlet line using a 0.45 µm pore size polyethersulfone MILLEX-HP filter unit
(SLHP033RS, Millipore) with a dead volume of 100 µL.
The outputs of the photodiodes and the final data were stored on a 2 GB flash memory
card (filtered to 1 Hz). A fault tolerant file system ensured data was not lost or corrupted in
the event of a power loss. The micro-analyser was automated using a custom-designed
embedded electronics package (5 cm x 6.2 cm x 4 cm). The entire system (Figure 22) was
housed in a water-tight acrylic tube (not shown) with a 10 cm outer-diameter and a height of
22 cm.

Figure 22: (a) Photograph of the micro-analyser, including a custom syringe pump, valves, microfluidic chip and
electronics. The system measures 22 cm high and 10 cm in diameter. (b) Microfluidic chip schematic. (c) Photograph of
the chip prior to bonding.
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3.2.3.

Analytical procedure

The analytical protocol involved a series of four main steps: 1) withdrawal of the water
sample from the environment; 2) injection of the sample, mixing of sample and reagent into
the on-chip mixer; 3) colour formation and 4) absorbance measurement. The absorbance of
the sample, blank or standard was determined in the reference optical cell prior to the
addition of the reagent. This step was necessary to correct for any background absorbance.
Mixing is achieved on the chip by passing blank, standard or sample together with reagent
through a 250 mm long serpentine mixer. Both the reagent and the sample were pumped
through the chip at a flow rate of 200 µL min-1, at a ratio of 1:1. The flow was stopped to allow
colour formation and the associated absorbance was measured in the second optical cell. This
reaction time was between 180 and 300 s, so as to allow sufficient time for the reaction to
develop colour. Depending on the sample SRP concentration; shorter reaction times will allow
faster analysis but result in a reduced sensitivity. The same analytical protocol and reaction
times were applied to blanks, standards and samples. To minimise any potential
contamination or carry-over between samples, an additional 320 µL sample volume was used
to flush the channels between samples. The flushing stage is equivalent to four withdrawal
and injection cycles, and is observed as the ripple effects in Figure 23 (due to the noise of the
pump running).
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Figure 23: (a) Signal from dye dilutions blank, 0.025%, 0.05% and 0.1% v/v., passing through the microfluidic device.
(b) Absorption values versus normalised dye concentration. (c) Output voltage for a sequence of phosphate standards.
(d) Calibration curve for phosphate standards versus phosphate concentration.
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3.3.

Results and discussion

3.3.1.

Calibration and limit of detection

The photodiode output voltage was proportional to the incident light intensity and
therefore the voltage decreased as solution absorbance increased. The light intensity was
measured to characterize the response of the specific optical set-up to varying solution
concentrations (Figure 23). At higher absorption values (> 0.5 AU), the polynomial nature of
the calibration curve (Figure 23b) was the result of mismatched spectra for the LED output and
dye absorption (Sieben, Floquet et al. 2010). An example of the change in photodiode output
voltage for the reference and measurement absorption cells for a sequence of phosphate
standards is presented in Figure 23c. The calibration curve of the analytical system is shown in
Figure 23d for phosphate standards between 0.2 and 60 µM concentrations. The system offers

a dynamic range with a linear response up to 60 µM and a precision of 13.6% at 0.4 µM, n=4.
The limit of detection (LOD), defined as three times the standard deviation of the blank
baseline, was based on the measurements of 16 LNSW blanks. A LOD of 52 nM ± 6.2 nM (n=
16, k= 3) was determined using the recommended approach by the International Union of
Pure and Applied Chemistry (IUPAC), considering that the analyte measurement is statistically
different from the analytical blank value with a factor k=3 (Long and Winefordner 1983). This
LOD determination includes system error and various external sources of noise, including
electrical interference, background light, fluidic stability: flow rate fluctuations and bubbles.
3.3.2.

Dissolved silicon interference study

Dissolved silicon is a known interference for the molybdenum yellow method for
phosphate analysis (Gimbert, Haygarth et al. 2007, Neves, Souto et al. 2008). The similarity in
ionic structure of silicate compared to phosphate, makes it a competitor in the reaction with
the molybdate ions; both silicon and phosphorus atoms are covalently bonded to 4 oxygen
atoms. The tetrahedral unit of the molybdophosphoric ion formed has a formal charge of -IV
since each oxygen atom presents a formal negative charge. The analytical signal can therefore
be affected by the formation of similar molybdate heteropolyacid compounds. The influence
of silicate additions on the phosphate signal is described in Table 2. The interference of silicate
concentration on the apparent phosphate signal can be characterised with different relations,
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depending on the phosphate concentration. The SRP measurements were corrected for the
silicate interference using these relations. The dissolved silicon concentrations along the
offshore transect described below (§ 4.4.2.) were low and near constant: (0.71 +/- 0.06 µM).
The micro-analyser SRP measurements were then corrected for the silicon interference with
an average value equivalent to 0.007 µM of the SRP signal. River and estuarine environments
typically have high silicate concentrations and in these waters the determination of SRP can
be particularly affected by silicate. A new design of the system could tackle the silicate
interference directly with the addition of a tartaric acid stream to mask the silicate
interference (Neves, Souto et al. 2008).

Table 2: Response of apparent phosphate output signal with silicate additions in different matrices: no phosphate, low
phosphate and high phosphate conditions.

[P] (µmol L-1)

[Si] (µmol L-1)

[P]apparent (µmol L-1)

0

1

0.0 ± 0.01

0

10

0.3 ± 0.08

0

50

0.5 ± 0.07

0

100

0.5 ± 0.12

0

150

0.6 ± 0.11

1

1

1.02 ± 0.02

1

10

1.09 ± 0.07

1

50

1.12 ± 0.07

1

100

1.18 ± 0.11

1

150

1.22 ± 0.09

10

1

10.0 ± 0.04

10

10

10.1 ± 0.09

10

50

11.5 ± 0.07

10

100

11.5 ± 0.05

10

150

11.6 ± 0.07
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3.4.

Field evaluations in marine waters

3.4.1.

Coastal waters

The microfluidic analyser was tested off the south-west coast of England near
Plymouth, UK, on-board the RV Plymouth Quest as part of the Western Channel Observatory
programme (www.westernchannelobservatory.org.uk). A sampling transect was carried out
from inshore waters to the L4 buoy (50° 15.00' N, 4° 13.02' W) in September 2010. Fifteen
samples were analysed on the transect, and the concentrations encountered ranged between
0.1 and 0.5 µM. The mean value is comparable with the records of the L4 station at this time
of year (http://www.westernchannelobservatory.org.uk/l4_nutrients.php). However the high
spatial resolution of the transect highlights the high variability in phosphate concentration
with deep water entrainment after the summer blooms. The measurements were compared
with a bench-operated segmented flow colorimetric phosphate analyser (Zhang and Chi
2002). Good agreement was found between the measurements performed using the microanalyser and the reference auto-analyser [Figure 24]. The relationship between both systems
can be expressed using the following linear relationship: SRPMicro-analyser = 0.99 x SRPAuto-analyser
+ 0.0098, with SRP concentrations in µM. A paired t-test was used to evaluate whether there
was a significant difference between the methods over the range of concentrations
encountered. The calculated t-value compared with Student’s t-value at 95% confidence
(p=0.05, n=15) showed no significant statistical difference. Thus the micro-analyser was
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applied successfully to natural samples and demonstrated a high analytical performance when
compared with reference methods.

Figure 24: (a) Scatter plot of the micro-system phosphate measurements off Plymouth coast compared with a segmented
flow colorimetric auto-analyser, (b) Plot of residuals between both methods in function of the phosphate concentration.

3.4.2.

Offshore waters

The microfluidic analyser was also deployed in January and February 2011 on an
oceanographic cruise in the tropical north-eastern Atlantic Ocean, as part of UK-GEOTRACES
programme (http://www.ukgeotraces.com/). The microfluidic analyser was connected to the
underway system of the ship (sample inlet at 4 metres depth) and was programmed to
measure a sample every 3 min (27 samples were successfully measured), whilst sailing from
the Senegalese coast and through a deep water upwelling region, into more nutrient depleted
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offshore waters. Discrete samples (8 comparative samples) were taken every 20 min from a
towed fish and analysed using a high precision segmented flow auto-analyser for phosphate
(Zhang and Chi 2002) and dissolved silicon (Kirkwood 1989).
Despite the relatively low phosphate concentrations encountered, from 0.09 to 0.26
µM, and the high variability of the phosphate concentrations in this dynamic shelf sea
environment, the results from the microfluidic analyser followed a similar trend to the benchtop auto-analyser [Figure 25]. A paired t-test showed no significant statistical difference
between samples analysed on the microfluidic analyser and the conventional bench-top
system at 95% confidence (p=0.05, n=8). Furthermore, our measurements obtained using the
microfluidic analyser agreed well with reported phosphate concentrations for west African
continental shelf-edge waters ; between 0.35 and 0.74 µM during a strong upwelling event in
April-May 2009 (Loucaides, Tyrrell et al. 2012). This deployment demonstrated the capacity of
the micro-analyser to produce high quality fine scale measurements and its ability to observe
spatial variations that were not noticeable with analysis of discrete samples using the
conventional analyser.
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Figure 25: (a) Scatter plot of the micro-analyser phosphate measurements off Senegalese waters compared with a
segmented flow colorimetric analyser, (b) Plot of residuals between both methods in function of the phosphate
concentration.

3.5.

Conclusions

A novel automated lab-on-a-chip colorimetric analyser for SRP was successfully
deployed in coastal and open ocean environments. The system has a LOD of 52 nM and can
analyse up to 10 samples per hour. The measurements undertaken by the novel microanalyser agreed with those by a conventional bench-top SRP analyser. The technique used for
the fabrication of the microfluidic device will permit an extension of the path length of the
optical cell (Ogilvie, Sieben et al. 2010, Floquet, Sieben et al. 2011) which will further improve
the LOD according to the Beer-Lambert law, and allow future use of the system in low nutrient
oligotrophic waters. The reagent (340 µL per sample) and power consumption (756 Joules per
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sample) of the microfluidic system were orders of magnitude lower than for conventional
systems and because of the enhanced stability of the reagent of the “yellow” method will
allow long term monitoring of SRP in natural waters.
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Chapter 4. Microfluidic analyser for the measurement of phosphate in seawater
using the molybdenum blue method.

The molybdenum yellow method used in the previous chapter was chosen for its
stability over time. As mentioned in section 2.1.2., the molybdenum blue method suffer from
the short stability of the reagent containing the ascorbic acid. However, the molybdenum blue
method presents the advantage of an increased sensitivity and therefore a lower limit of
detection which makes it more suitable for oligotrophic waters. These two methods are
actually complementary and the choice depends on the deployment scenario. On one hand,
for a long term experiment on a buoy or in a river, the yellow method is more suitable because
of the long term stability of the reagent. On the other hand, for determining very low
concentrations in oligotrophic areas or for deployments on a glider in these areas, the blue
method is more suitable since it can reach a lower limit of detection. Also, the stability of the
reagent containing the ascorbic acid should be re-evaluated in an oxygen-free sealed bag
deployed in situ with a lower temperature than in the lab, this might highlight a longer stability
than when used in the lab. The logical path to miniaturize the benchtop analyser combined
with liquid waveguide capillary cells is to test the application of the blue method on a
microfluidics platform, which has not been achieved with long microfluidic cell as I present
here, i.e. 139 mm long.

4.1. Introduction
Phosphorus is a key nutrient for all life on earth because of its central role in a range
of biological processes (Föllmi 1996). For example, phosphorus is a central element in DNA
(Deoxyribonucleic acid) and RNA (Ribonucleic acid), and hence required for cell divisions (Rhee
1973). It also is a key constituent in glycerophospholipids, which are one of the main
components of biological membranes (Farooqui, Horrocks et al. 2000). It furthermore is a
component of ATP (Adenosine triphosphate), which is involved in intracellular energy transfer
(Chance 1961). Variations in phosphate concentrations in the world’s oceans are controlled
by both input and removal processes. Rivers and sediments form input routes of phosphorus
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to the oceans, and biological uptake in the surface ocean followed by sinking of biogenic
particles to the deeper waters of the ocean and seafloor forms the main removal mechanism
(Chester 2009). Surface oceans consequently feature depleted phosphorus concentrations,
with an increase with depth as a result of mineralisation of phosphorus containing biological
particles (Paytan and McLaughlin 2007). Phosphorus can be found in the oceans in different
physico-chemical forms (inorganic, organic and particulate) (Jahnke, Samuel S. Butcher et al.
1992, Canfield, Erik et al. 2005) but we will be focusing here on orthophosphate which is the
most readily available form of phosphorus to most marine microorganisms and typically
satisfies the phosphorus requirements of microbial organisms in the ocean. Upon exhaustion
of phosphate in the surface ocean, organisms may use more complex organic phosphorus
forms by converting them to orthophosphate via enzymatic reactions (Heath 1986, Sebastián,
Arístegui et al. 2004, Labry, Delmas et al. 2005, Mather, Reynolds et al. 2008).
More than 40 % of oceanic surface waters are depleted in phosphate, and
consequently limiting (Wu, Sunda et al. 2000, Karl, Björkman et al. 2001, Krom, Woodward et
al. 2005) or co-limiting with iron and/or nitrogen (Moore 2008) marine primary productivity.
The projected enhanced stratification of the surface ocean due to climate change will
therefore reduce the nutrient supply from deep waters through diapycnal mixing and
convection, and consequently potentially reduce surface water phosphorus concentrations
and primary productivity. Primary producers form the basis of the food chain, and a reduction
in primary productivity in the projected future ocean will therefore also affect higher
organisms and fisheries. It is therefore of great importance to monitor the expansion of low
phosphate regions in the world’s oceans. For this purpose new technologies are required.
The development of new analytical methods and technologies will therefore become much
more important in the future to study and understand the changes to phosphate
concentrations throughout the world oceans. Most of the current and historically reported
techniques determine soluble reactive phosphorus (SRP) and are based on the reaction of
orthophosphate ions with an acidified molybdate reagent to yield a phosphomolybdate
complex (Motomizu and Li 2005). This complex can be reduced to a highly coloured blue
compound and is the determined colorimetrically. This approach determines the soluble
reactive phosphorus fraction (SRP) as some of labile organic phosphorus compounds may be
transformed to orthophosphate during the reaction processes. The characteristics of the
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reduction approach has evolved with time, and in early work was achieved using stannous
chloride (Berenblum and Chain 1938), but this proved to be temperature dependant and
prone to errors due to high salt concentrations (Burton and Riley 1956, Gordon, Jennings Jr et
al. 1993). Subsequently Greenfield and Kalber (Greenfield 1954) were the first workers to use
ascorbic acid as an alternative reductant. Their method has been further amended by addition
of trivalent antimony in the form of potassium antimonyl tartrate to catalyse the reduction of
phosphate by ascorbic acid (Murphy and Riley 1962, Su-Cheng, Chung-Cheng et al. 1990).
Using ascorbic acid as a reductant, the blue phosphomolybdic complex formed is stable for
hours and the intensity is not influenced by variations in seawater salinity. In order to obtain
a rapid colour development and to reduce the interferences by dissolved silicate, pH has to be
below 1 during the final reaction process (Neal, Neal et al. 2000). Moreover, the ratio of
sulphuric acid to molybdate has to be between 2 and 3 (Harvey 1948). A variation on the
molybdenum blue method was developed in 1971 (Hager, Atlas et al. 1972) and is known as
the “OSU” (Oregon State University) method. This approach has potential advantages in
microfluidic instrumental set-ups. The reduction by ascorbic acid was replaced by hydrazine
to yield to the blue molybdenum complex with an increased sensitivity of ca. 15% (Bernhardt
and Wilhelms 1967, Gordon, Jennings Jr et al. 1993) . The OSU phosphomolybdate complex is
different from Murphy and Riley’s complex, as it reduces flow-cell coating effects caused by
antimony-containing salts. Nevertheless, slow coating of the flowcell windows occur with
hydrazine over a period of a few weeks (Gordon, Jennings Jr et al. 1993). However, the OSU
reaction requires heating at 65 to 70 °C. The reagents used involved are sulphuric acid with
ammonium molybdate and hydrazine chloride, plus a wetting agent (Harwood, van
Steenderen et al. 1969). However the heating step would make the analytical set-up more
complex and requiring extra power supply so would not be suitable for a system developed
for in situ deployment.
In the last decades, flow injection analysis (FIA) (Ruzicka and Hansen 1975) has been
developed and become an alternative analytical technique for nutrient analysis to the classical
segmented flow colorimetric analysis methods. Three approaches have been followed to
achieve nanomolar levels of detection required for SRP measurements in ocean surface
waters: optimisation of the chemical parameters (Drummond and Maher 1995); preconcentration of the analyte, “the Magic method” (Karl and Tien 1992); enhancement of the
sensitivity of the detection technique (Zhang and Chi 2002, Patey, Rijkenberg et al. 2008).
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Various manual and automated techniques have been reported which involve the
molybdenum blue (MB) method for low level measurements of SRP [Table 3].

Technique

Detection method

Application

Analytical
performance

Reference

Stopped-rFIA

Spectrophotometrymicrofluidics

Shipboard-system,
seawater

LOD = 10 nM

This study

rFIA

SpectrophotometryLWCC 2m

Benchtop-system,
seawater

LOD = 0.5 nM

(Ma, Yuan et
al. 2009)

SFA

SpectrophotometryLWCC 2m

Shipboard-system,
seawater

LOD = 0.8 nM

(Patey,
Rijkenberg et
al. 2008)

FIA - SPE

Spectrophotometry

Shipboard, seawater

LOD= 1.57 nM

(Ma, Yuan et
al. 2008)

FIA

Spectrophotmetry:
MAGIC & LWCC

Comparison
coupling

FIA - SPE

Spectrophotometry

Benchtop, seawater

LOD = 1.57 nM

(Liang, Yuan et
al. 2007)

FIA

Spectrophotometry –
LWCC 50 cm

In situ, seawater

LOD = 1 nM

(Adornato,
Kaltenbacher
et al. 2007)

FIA

Spectrophotometry –
LWCC 1m

Freshwater,
tin
chloride reduction

LOD = 10 nM

(Gimbert,
Haygarth et al.
2007)

FIA-SPE

Chemiluminescence

LOD = 2 nM

(Liang, Yuan et
al. 2006)

FIA

Spectrophotometry

Sulphide interference
removal

LOD = 1.23 µM

(Grace, Udnan
et al. 2006)

Sequential injection

Fluorescence
inhibition

Coastal waters

MAGIC
examination

Spectrophotometry –
10 cm cell

seawater

LOD = 0.8 nM

(Rimmelin and
Moutin 2005)

Spectrophotometry

Freshwater

LOD = 1 nM

(Haberer and
Brandes 2003)

HPLC

re-

and

(Li and Hansell
2008)

(Frank,
Schroeder et
al. 2006)
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rFIA

Spectrophotometry

Kinetic determination
of phosphate and
silicate

Stopped-FIA

SFA

SpectrophotometricLWCC 2 m

MAGIC

Spectrophometry

seawater

Sequential injection

FIA

10 cm cell

LOD = 0.15 µM

(LyddyMeaney, Ellis
et al. 2002)

LOD = 35 µM

(Grudpan,
Ampan et al.
2002)

LOD = 0.5 nM

(Zhang and Chi
2002)

LOD = 1 nM

(Wu, Sunda et
al. 2000)

LOD = 3.2 µM

(Galhardo and
Masini 2000)

LOD = 4 nM

(Hansen,
Koroleff et al.
1999)

Micro-FIA

Lithography on glass
substrates.

LOD = 226 nM

(Daykin and
Haswell 1995)

Magnesium-induced
co-precipitation
(MAGIC)

Pre-concentration
step

LOD= 1 nM

(Karl and Tien
1992)

Table 3: MB derivated techniques for analysis of low concentrations of SRP in seawater.

Despite recent progress, the development of a sensitive miniaturized analytical
technique for phosphate at low levels (nanomolar concentrations) in the surface ocean has
not yet been achieved. In this section the miniaturisation of analytical instrumentation for
phosphate analysis using the conventional MB method (Murphy and Riley 1962) is described.
We have chosen microfluidics technology to facilitate instrument miniaturisation whilst
maintaining simplicity in sample and reagent handling. Here we report on a novel microfluidic
platform designed to perform nanomolar level measurements of SRP with a high sample
throughput and we compare this to a conventional laboratory nutrient auto-analyser.
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4.2. Experimental section
4.2.1. Chemical method

A stock solution of antimony potassium tartrate was prepared by dissolving 3 g of
antimony potassium tartrate (Sigma Aldrich) in one litre of high purity water (MilliQ, Millipore,
> 18.2 MΩ.cm). This stock solution was stored whilst protected from light, and kept
refrigerated. Analytical reagent 1 was prepared by dissolving 2.3 g of ammonium molybdate
tetrahydrate (Sigma Aldrich A7302) in 192 mL of sulphuric acid 2.5 M (Sigma Aldrich 339741)
and adding 50 mL of the potassium antimonyl tartrate stock solution, then made up to one
litre with Milli-Q water. Reagent 2 was prepared by dissolving 0.5 g of L-ascorbic acid and 0.7
g of sodium dodecyl sulphate (both Sigma-Aldrich) in 100 mL of MilliQ water. Phosphate
standards were prepared from a 3 mM stock solution (0.40827 g/L of potassium dihydrogen
phosphate, Sigma-Aldrich). Solutions of different salinities were prepared using Low Nutrient
Sea Water (LNSW) diluted with MilliQ water.
Interference studies were carried out for the spectrophotometric measurement of
phosphate on the microfluidic device, investigating the reported interferences on the
phosphate analysis caused by silicon, arsenate (Patey, Achterberg et al. 2010), hydrogen
sulphide (De Jonge and Villerius 1980), iron (Nürnberg 1984), nitrate and fluoride (Blomqvist,
Hjellström et al. 1993). The study by Patey et al. (2010) illustrated the potential impact of
filtration. Phosphate results are affected by sample freezing due to breakage of microbial cells
(Patey et al. 2010), and therefore freezing should be avoided without prior filtration. Storage
of samples for a short duration (1-3 days) whilst refrigerated (4°C) and in the dark, has a
negligible effect on sample integrity (Patey et al., 2010).

4.2.2. Microfluidic analyser

Microfluidics technology enables miniaturisation of flow injection analysis. The
microfluidic chip (Figure 26) used in this work was designed using Solidworks® (Dassault
Systems). The design of the chip had two main targets: high sensitivity of the phosphate
measurement, and enhanced simplicity of the chip lay-out and chemistry. All channels of the
fluidic pathway had the same dimensions (500 µm x 500 µm) and a passive serpentine-shaped
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mixer was used on the chip, and was limited to 4 turns in order to prevent precipitation of the
complex, and in order to reduce back pressure and any undesired chemical effect.
The channels were micro-milled into tinted poly (methyl methacrylate) (LPKF Protomat
S100 Micromill) (Floquet, Sieben et al. 2011) and the two halves were exposed to solvent
(chloroform) prior to bonding in a press (Ogilvie and et al. 2010). The length of the detection
cell was optimised at 140 mm, which enhanced the sensitivity of the system, but this was
however close to the production parameter limits of the fabrication technique.
A.

Reagent 2

B.

Mixer

Reagent 1
Detection cell
Sample stream line

5 cm

Figure 26: A. Schematic of the microfluidic chip. The green lines indicate the fluidic pathways, the red circles indicate
through-all holes to connect the valves. B. Photograph of the chip micro-machined in tinted-PMMA.

An accurate measurement of phosphate can be achieved by the determination of the
optical absorption of the MB complex formed. The main absorption peak of the blue complex
is centred at 880 nm. However, because of the significant absorption of red wavelengths by
water, the absorbance was monitored at 710 nm which corresponded to the second
absorption peak. A powerful (13 mW) infra-red LED emitting at 710 nm (Roithner
Lasertechnik) and a photodiode (Texas Advanced Optoelectronic Solutions Inc.) were used as
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light source and detector, respectively. These optical parts were connected to the
microfluidics chip with fiber optics to maximize focus and alignment in the measurement cell.
Three syringe pumps (Nanomite, Harvard Apparatus) were used to propel the seawater
sample (1 mL) and the two reagents (100 µL for each reagent). The system was controlled by
computer with custom software coded in LabVIEW®, a control card (PCI 6289, National
Instruments Inc., UK) and two break-out boards (NI BNC-2110 and BNC-212-0). Custom
designed electronics boards were developed to interface four valves (Lee Products Ltd), the
LED and photodiode. The analytical protocol involved four main steps: (1) withdrawal of the
sample into the syringe, and withdrawal of the two reagents: reagent one
(molybdate/antimony) and reagent two (ascorbic acid/sodium dodecyl sulfate), (2) injection
into the microfluidic chip of the sample and reagent one, (3) mixing through passive mixer, (4)
injection into the flow stream of reagent two, (5) a stopped-flow process with a waiting time
for sample and reagents diffusion and colour formation followed by (6) light intensity
measurement. Data were processed with an automated script in Matlab® applying the BeerLambert law:

= − log

= . .

with the following variables, I is the intensity of the signal and I0 the intensity of the blank, Abs
is the absorbance of the solution which leads to the analyte concentration C with the molar
absorption coefficient and l the length of the detection cell.
The system was optimised and characterised on shore before being tested off the
south-west coast of England near Plymouth, UK, on-board the RV Plymouth Quest. A sampling
transect was carried out from inshore waters in Plymouth Sound, to the E1 buoy in February
2012 (http://www.westernchannelobservatory.org.uk) during which I collected samples in
triplicate from the underway system. In total, 34 samples were collected with the CTD casts
at the L4 buoy (0, 10, 25, 50 m) and the E1 buoy (0, 10, 20, 30, 40, 60 m) (Figure 6). Samples
were collected in acid cleaned polypropylene bottles of 60 mL. These were stored in a cool
case in the dark, then analysed immediately in the laboratory without any filtration step.
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4.3. Results and discussion
4.3.1 Injection flow rates

The guidance route followed to optimize the fluidic path was to replicate the method
used with the benchtop analyser. A passive mixer with 4 turns was designed between
injections of the two reagents, the idea being to yield a homogenous solution of
phosphomolybdate complex before the injection of the reduction reagent. The final reduction
occurs directly in the measurement cell through diffusion. The flow rates of reagents one and
two were identical. The ratio between the flow rates of the reagents and sample was
maintained at 1 : 10, which is in agreement with the ratio between reagents and sample used
in the reference analytical methods on auto-analysers (Murphy and Riley 1962). A minimum
flow rate of sample injection was considered to be 100 µL.min-1 so as to insure sufficient
sample-throughput of the system. A set of calibrations was carried out with different total
flow rates (sample plus reagents) of 120, 240 and 600 µL.min-1 in order to optimize the quality
of the measurements by achieving good homogeneity of the analysed solution. A flow rate of
120 µL.min-1 offered the best repeatability (Figure 27), when five replicates of each two
standards were measured in order to determine the coefficient of variation of the
measurements (2 % for a 50 nM standard). Furthermore, the best limit of detection (LOD) was
obtained using this lowest flow rate. The limit of detection (LOD), defined as three times the
standard deviation of the blank baseline, was based on the measurements of 12 LNSW blanks.
A LOD of 10.9 nM ± 6 % (n= 12, k= 3) was determined using the recommended approach by
the International Union of Pure and Applied Chemistry (IUPAC), considering that the analyte
measurement is statistically different from the analytical blank value with a factor k=3 (Long
and Winefordner 1983).
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Absorbance
Figure 27: Example of repeatability of the measurements (n=5) for two standards of 50 and 100 nM.

Coating effects of antimony salts can occur in cell windows. The potential coating effect
of the blue complex on the PMMA channels was investigated by running 10 times the same
standard. No evidence of attenuation of the signal was shown, no loss in sensitivity since there
was no statistical difference between measurements.

4.3.2. Kinetics study

The reaction kinetics were also studied with the aim of optimising the sensitivity of the
system with the rapid sample throughput. The intensity of the signal was measured over time
for different phosphate standard concentrations. We compared the calibration slopes after
stopping the reagent and sample flows on the microfluidic device for periods of 3, 5 and 10
minutes, so as to assess the colour development of the MB complex at these different times.
After a stop flow time of 3 minutes, the colour reaction was not complete and so no linear
regression could be applied to the calibration dataset. However, with a waiting time of 5
minutes, we obtained a good linear regression fit (R2=0.99, n=3, Figure 29). Moreover, no
significant improvement of the sensitivity was observed for a longer waiting time of 10
minutes (Figure 28), and so, the lowest optimum stop flow time of 5 minutes was used for the
characterisation and further measurements. The first part of the plots, around 60 seconds,
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show noise probably due to the fluidic movement and the blurred solution at the early stage

Absorbance

of the mixing is presumably increasing the refraction of light.

Figure 28: Monitoring colour development at different phosphate concentrations in the detection cell, with different
stop flow times.

4.3.3. Characterisation of the system

The analytical system was calibrated using the optimised parameters for five
phosphate concentration standards ranging from 50 to 500 nM. The total injection flow rate
was 120 µL.min-1 (sample 100 µL.min-1 plus two reagents flows of 10 µL.min-1 each). The flow
was stopped and a waiting time of 5 minutes was applied. Signal response was averaged on
the last 30 seconds of the waiting step. The coefficient of variation of the three measurements
was determined for each of the standards.
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Figure 29: Calibration of the system with a total injection flow rate of 100 µL.min-1, plus reagent flows of 10 mL.min-1
each. A stop flow time of 5 minutes was used in each case.

4.3.4. Effect of salinity on the signal

Strong salinity gradients may occur across oceanographic fronts and in coastal waters
which are affected by riverine inputs. The effect of salinity on the phosphate measurement
was determined using batches of samples of different salinities (0, 15, 25, 35 PSU) containing
phosphate additions ranging from 50 to 600 nM. The system produced linear calibrations of
standards for the various salinity levels over the range of standards 50-600 nM (
Figure 300).
Also, the same standard concentration was compared at different salinities (0, 15, 25,
35 PSU) and we observed variation of the absorbance values for the same standard
concentration depending on the salinity. This dependency was measured with a third order
polynomial fit. This experiment determined the correction factors to apply when carrying out
analyses at different salinities.
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Figure 30: a/ Calibration of the system with different salinities 0, 15, 25 and 35 PSU. b/ Variation of the response signal of
absorbance with salinity.
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4.3.5. Field results

Samples collected on the transect out from Plymouth Sound, South West England
(Figure 311) towards the instrumented (T, S, fluorescence, pCO2) buoy E1, which forms part
of the Western Channel Observatory programme. Samples were analysed using the microfluidic analyser and results compared with those obtained from a classical segmented flow
colorimetric phosphate auto-analyser (Zhang and Chi 2002).

Figure 31: Description of the field area tested off Plymouth coast. The E1 buoy is part of the western channel
observatory.
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The concentrations encountered ranged between 50 and 430 nM and the measurements of
both systems were in good agreement despite the high variability of the concentration range (Figure
322).
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Figure 32: Plot of the phosphate concentrations measured by the two analysers for the 12 samples compared along the
E1 transect. The blue triangles are data of the micro-analyser and the red squares are reference measurements of the
AA3 analyser.

The phosphate concentration measurements for the 34 data points (transect plus CTD
samples) were compared between the micro-fluidic analyser and the reference auto-analyser
(Figure 333). The relationship between the two systems can be described as a linear function:
SRPMicro-analyser=1.018 x SRPAuto-analyser + 3.7 (SRP concentrations in nM).
A paired t-test showed no significant statistical difference between the results
obtained by the two analytical systems, at 95% confidence (p=0.05, n=34), in the range
encountered, from 10 nM to 550 nM. The microfluidic analyser demonstrated high quality and
fine scale measurement at low concentrations in phosphate and can discriminate samples
between 50 nM and 60 nM. The sample through-put was 10 samples per hour, which permits
continuous monitoring every 6 minutes and thus, would allow observations of any small scale
concentration variations if operated in a continuous mode.
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Figure 33: a/ Plot of the micro-fluidic analyser measurements against the AA3 reference measurements. b/ Plot of the
residuals between both systems for the different samples measured in a range from 10 nM to 550 nM.

4.4. Conclusions
The standard MB method for measuring SRP in seawater was successfully miniaturised
with microfluidics technology. It was applied to coastal waters and the comparison with the
reference auto-analyser demonstrated the accuracy and the precision of the system with a
LOD = 10.9 nM ± 6 %. The limit of detection could be lowered by increasing the length of the
measurement cell. The quality of the signal to noise ratio could be further improved with an
integrated electronic package to tackle any source of external perturbation of the system.
Also, the sampling throughput of 6 samples per hour is lower than with the microfluidic
analyser based on the vanadomolybdate method (Legiret, Sieben et al. 2013) but could be
improved by a factor of two with a new design integrating a second detection cell with a
switching valve for the sample inlet.
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Chapter 5. Conclusions and future work
5.1. Conclusions
The existing shipboard system to measure nanomolar nutrients concentrations (Patey,
Rijkenberg et al. 2008) was used at sea during two scientific cruises D346 and D361. These
campaigns gave me the opportunity to further optimize the use of the existing system: an
autosampler has been adapted in front of the seagoing system, the data acquisition of the two
channels in parallel was automated using the Spectrasuite software and a user friendly
interface was developed in Matlab to process the data for calibration and measurements of
the samples. A new frame was designed to maintain the liquid waveguide capillary cells
standing on the bench in order to facilitate the elimination of air bubbles in the cell because
of degassing of the samples or because of the general fluidic handling.
The measurements achieved with this system during D346 on-board RSS Discovery
permitted the understanding of biochemical processes and were published with other
material (Honey, M et al. 2013). The system was also used to monitor low phosphate
concentrations and contributed to a better understanding of coral reefs bleaching
(Wiedenmann, D/'Angelo et al. 2013). Also, it was used during D361, which gave me the
opportunity to inter-calibrate the nanomolar anlayser with the Plymouth Marine Laboratory
nanomolar system ran by Malcolm Woodward. This calibration included the measurements
of KANSO reference standards and can therefore provide data comparable with other
analytical systems for nanomolar measurement of nitrate and phosphate.

My contribution to the development of existing shipboard system included a collaboration
with Samer Abi Kaed Bey who developed a high resolution analyser for ammonium
measurements in seawater (Abi Kaed Bey, Connelly et al. 2011). First, I characterised the
analytical performance of the fluorometric analyser with a standard addition calibration
method. The concentrations measured by the analyser were so low that I used this approach
to set a quantitative calibration by addition of the standard directly in a depleted seawater
sample. Also, the matrix effect characterized in this study highlighted the impossibility to
compare the analytical signal of a sample with the calibration curve obtained with a traditional
method. Therefore, I prepared a set of experiments to better characterize the signal response
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of the analyser to salinity value, matrix effects especially with amino acids and mono-amines
and potential interaction of the signal with particles. The characterisation of this highresolution automated analytical system for low levels ammonium measurements contributed
to the longer term development of a microfluidic ammonium analyser.
The experience gained on the application of existing shipboard systems was used to design
miniaturized analytical systems. The guidance route was to adapt the wet-chemical analyser
on a microfluidic platform, the different steps of the analysis carried out remaining the same.
In the second part of chapter II, I describe the technological techniques used for
micromachining a microfluidic platform as well as the data acquisition and processing. Also, I
illustrated the thought process I used for the first prototyping of a combined nitrite/nitrate
analyser including flow diagrams and the analytical procedure developed on the microfluidics
platform.

The development of a fully automated microfluidic analyser based on the
vanadomolybdate method for phosphate measurement is described in Chapter III. It was
characterized, the system has a LOD of 52 nM and can analyse up to 10 samples per hour. The
measurements undertaken by the novel micro-analyser agreed with those by a conventional
bench-top SRP analyser. It was successfully deployed in the Western Observatory Channel,
coastal waters off Plymouth as well as in offshore waters (Senegalese waters). This work was
published with the field deployments achieved (Legiret, Sieben et al. 2013).

A new microfluidic platform based on the molybdenum blue method is described in
Chapter IV. To tackle the lack of sensitivity in oligotrophic waters of the previous device
manufactured, the microfluidic analyser was designed to push the limits of the manufacturing
method by extending the length of the optical measurement cell (Ogilvie and et al. 2010,
Floquet, Sieben et al. 2011). It was optimised and calibrated with a LOD = 10.9 nM ± 6 %.
Interferences on the signal response from salinity were investigated and characterised. The
analytical system was successfully compared with a reference auto-analyser with coastal
waters samples.
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5.2. Future work
Recent developments of large networked observatories and autonomous moorings or
vehicles (sea gliders, floats) strengthens the need for ocean sensors able to match the spatial
and temporal scales now available to quantify ocean processes. Different sampling
frequencies are required depending on the region of interest: high-resolution (temporal and
spatial) is needed in areas with strong gradients and lower sampling rates are suitable for open
ocean regions. Platform-based technologies offer the advantage to avoid contamination from
the sampling step and in situ methodologies, in most cases, do not require sample pretreatment.
Analytical techniques that are used in oceanography are not all easily reproducible on site,
i.e. gas chromatography suffers from logistics issues and Inductively coupled plasma-mass
spectrometry (ICP-MS) apparatus is too bulky to be used at sea. Therefore fluidic systems
coupled with optical detection or electrochemical detection constitute the main directions for
the development of devices that can be miniaturized and deployed in situ. Electrochemical
analysers are suitable for in situ deployments and were applied to phosphate measurements
(Jońca, León Fernández et al. 2011), they are compact, reagent-less but suffer from high
detection limits compared to wet chemical methods.
The application of microfluidics technology to wet chemical methods tackles the current
problems of power and weight of these techniques with smaller volumes but keep achieving
high sensitivity of measurement. A way to further reduce the reagents consumption is the
implementation of droplets systems (Link, Grasland-Mongrain et al. 2006, Zeng, Li et al. 2009),
however a reliable control of the size of the droplet is necessary to face changes in pressure
and a droplet to get stuck in a feature of the microfluidic platform. Developments of
microfluidics technology in the medical field and the use of disposable beads to immobilise
complexing agent that are renewed in each cycle is an important way to explore (Lombardi
and Dittrich 2011, Witters, Knez et al. 2013, Werner, Palankar et al. 2015).
Bio-fouling might appear to be a potential cause for blockages in the narrow channels of a
microfluidics platform used for long term deployments with the current pumps and actuators.
Bio-fouling mitigation strategies (Meier, Tsaloglou et al. 2013) including surface modification

97

are being investigated but in parallel, it might be worthwhile exploring different fluidic
handling strategies like Lab-on-a-disc technology (Hwang, Kim et al. 2013) or Lab-on-a-valve
technology (Miró and Hansen 2007, Miró and Hansen 2012) in a seawater matrix.
The low limits of detection required in oceanic waters can be achieved on these
miniaturised platforms by two approaches. Either by the implementation of a preconcentration step directly on-chip, which is being currently investigated by Marta Skiba with
Peter Statham. This development could open the adaptation of many oceanographic
determinations requiring any pre-treatment step: pre-concentration, matrix removal,
multiple analytes, speciation with ligands and others.
The second approach to improve the limit of detection on a microfluidic platform is to
apply a more sensitive detection technique like fluorometry (Masserini and Fanning 2000, Abi
Kaed Bey, Connelly et al. 2011) or chemiluminescence (Jorgensen, Mogensen et al. 2003,
Liang, Yuan et al. 2006, Al-Gailani, Greenway et al. 2007). Also, technological developments in
optics are generating new detectors such as avalanche photodiodes (Hayden, Agarwal et al.
2006) that could be implemented on microfluidic platforms aiming at an increase of the signal
to noise ratio.
Future developments of oceanographic sensors will further decrease the size of the
devices that could therefore be implemented on numerous platforms under development like
gliders, drifting floats, drones or also directly tagged on animals like dolphins or birds. This
massive undergoing development of new measuring tools needs to be combined with the
direct integration of the instruments into global networks for long term monitoring (Johnson,
Needoba et al. 2007). An anticipation of the requirements to compile huge datasets is required
to produce an easy and comprehensive access of this vital data to the wider scientific
community to construct models predicting ocean responses to evolving climate forcing.
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