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The oceans sustain the global environment and diverse ecosystems through variety of biogeochemical processes and their 
complex interactions. In order to understand the dynamism of the local or global marine environments, multimodal 
combined observations must be carried out in situ. On the other hand, Instrumentation of in situ measurement techniques 
enabling the biological and/or biochemical combined observations are challenging in aquatic environments, including the 
ocean, because biochemical flow analyses require a more complex configuration than physicochemical electrode sensors. 
Despite this technical hurdle, in situ analyzers have been developed to measure the concentrations of seawater contents 
such as nutrients, trace metals, and biological components. These technologies have been used for cutting-edge ocean 
observations to elucidate the biogeochemical properties of water mass with a high spatiotemporal resolution. In this 
context, the contribution of lab-on-a-chip (LoC) technology toward the miniaturization and functional integration of in situ 
analyzers has been gaining momentum. Due to its mountability, in situ LoC technologies provide ideal instrumentation for 
underwater analyzers, especially as underwater observation platforms are miniaturized. Consequently, the appropriate 
combination of reliable LoC and underwater technologies is essential to realize practical in situ LoC analyzers suitable for 
underwater environments, including the deep sea. Moreover, the development of fundamental LoC technologies for 
underwater analyzers, which operate stably in extreme environments, should also contribute to in situ measurements for 
public or industrial purposes in harsh environments as well as the exploration of the extraterrestrial frontier. 

 

1. Introduction 
Oceans, which involve a complex circulation of huge amounts of 

seawater, are the most macroscopic fluid system on the planet. 
They include processes on numerous spatiotemporal scales such as 
global heat cycles, mass cycles, and global environmental regulation. 
These phenomena are attributed to the general circulation of 
seawater, the formation of water masses via vertical mixing due to 
local and complex ocean currents, seawater density changes, and 
the resultant formation of characteristic weather.

1
 Understanding 

the intricate structure and diversity of the Earth's unique 
ecosystems as well as the dynamism of climate change, which are 
formed by the complex interrelationships of these processes is 
essential for the sustainable development of human society.  

Dissolved macronutrients, including phosphates, nitrates, and 
silicates, are supplied to the ocean environment naturally and from 
human activities. Their behavior is dictated by the circulation of 
seawater.

1, 2
 The dynamics and availability of macronutrients are 

factors that regulate the growth and decay of planktonic primary 
producers that support biological production.

3
 On the other hand, 

excessive nutrient input to the ocean is a major factor of harmful 
algal blooms (HAB). However, the complexed relationships between 
the timing of nutrient supply, HAB species composition, and other 

environmental factors have yet to be fully elucidated.
4, 5

 In addition, 
with rising atmospheric carbon dioxide (CO2) concentrations and 
the resultant concerns about global warming, ocean CO2 uptake and 
its role on the global carbon cycle are matters of serious scientific 
interest.

6
 In particular, ocean acidification due to rising oceanic CO2 

concentrations may seriously impact the marine ecosystem.
7, 8

 The 
marine environment is the richest repository of biological and 
genetic diversity, and efforts to understand, protect, and equitably 
distribute its natural resources have become more important.

9
  

In recent years, remote sensing utilizing satellites and airplanes 
has made global, wide-area observations of the marine 
environment and biological parameters available.

10
 

11
 However, 

direct observations by research vessels and other underwater or 
surface observation platforms are still necessary to understand 
details about the ocean’s interior. Therefore, reliable and portable 
in situ measurement technologies continue to be an essential 
component of modern oceanography. 

Ocean observations and the development of innovative tools 
have continually progressed.

12-14
 For conventional measurements in 

the marine environment, observation platforms related to the 
marine industry or marine science such as in situ measurements 
and water sampling suites represented by CTD (conductivity, 
temperature, and depth) profilers or CTD-RMS (rosette multi 
sampler) have been deployed using wirelines from a research 
vessel,

12, 15
 manned submersibles,

16
 and recently unmanned 

underwater vehicles.
17-19 Previous underwater sensors or analyzers, 

which weighed between a few kilograms and several tens of 
kilograms in water and ranged in size from several tens of 
centimeters to several meters, have been mounted on these 
relatively large underwater observation platforms. However, there 
has been a trend toward miniaturization in ocean measurements. 
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Instead of heavy-duty work class ROVs operated with large support 
vessels and winches, which were originally developed for the oil 
industry and underwater salvage, new platforms and small vessels 
such as ultra-compact, low-cost, tabletop-sized small ROVs or 
underwater drones

20, 21
 and micro AUVs

22
 are used for underwater 

observations. Furthermore, advanced platforms such as underwater 
gliders

23-25
 that use a buoyancy control mechanism to glide through 

the ocean and wave gliders
26, 27

 that can convert wave power into 
propulsion have been put into full-scale operation.  

Among the practical small undersea observation platforms, Argo 
floats

28, 29
 are the most widely deployed for scientific purposes. 

Today, thousands of autonomous Argo floats are dispersed across 
the oceans for observations of global ocean dynamism and long-
term monitoring of variations in physical and chemical 
parameters.

28, 29
 To be mounted on these small underwater 

platforms, in situ sensors and analyzers should be miniaturized to 
have a weight in water less than one kilogram but as close to zero 
kilograms as possible and a few centimeters to a few dozen 
centimeters in size due to the limited payload capacity. Additionally, 
further miniaturization of the sensors is necessary to 
simultaneously measure multiple environmental parameters to 
enable combined observations. To date, the Biogeochemical Argo

30
 

has been deployed with sensors that measure dissolved oxygen, 
nitrate, pH, chlorophyll, and suspended particles as well as the CTD 
profiling sensors. On the other hand, the analysis of dissolved 
components in seawater, especially colorimetric and luminescence 
analysis based on chemical reactions, depends on collecting 
seawater samples and subsequently analyzing in shipboard or land-
based laboratories. Consequently, the spatiotemporal resolution of 
the analysis for dissolved components is limited and the obtained 
data are sparse compared to the parameters that can be measured 
using in situ sensors such as temperature, salinity, and depth. 
Therefore, episodic phenomena that occur within a shorter period 
of time than the sampling frequency may be missed due to the 
sparse sampling resolution.

31
 Moreover, reproducible analysis 

requires skilled technicians. The breakthrough technology for this 
situation is the in situ underwater analysis. LoC technologies, which 
enable the automation of sophisticated liquid handling using 
microfluidic devices (MFDs), are indispensable to promote the on-
going trends toward the miniaturization and weight reduction of in 
situ analyzers. To date, a variety of MFDs or LoC analyzers for 
environmental analysis have been successfully demonstrated in the 
ocean.

32-34
 When considering their applicability to smaller 

underwater platforms, the contribution of LoC technologies goes 
beyond the reduction of materials consumption and the application 
of microfluidic phenomena. It also includes extreme miniaturization 
of the physical dimensions of the analyzers. To miniaturize the 
analysis system, not only the microfluidics, but everything, including 
the fluid delivery system, detection system, electrical system, and 
exterior, should be significantly downsized.  

This review overviews the contributions of LoC technologies for 
in situ measurements to elucidate the biogeochemical processes in 
the ocean, which is the largest fluidic system on the Earth. The 
review focuses on field-proven LoC-based in situ analyzers for 
oceanography. The novel microTAS-related technical elements that 
will contribute to measurements in aquatic environments in the 
future are also discussed. 

 

2 Requirements for LoC analysis systems for 
underwater applications 

LoC systems used in aquatic environments, including oceans, 

have specific requirements due to the harsh operating conditions. 
In contrast to equipment utilized on land, the electrical systems for 
LoC systems must operate in an environment surrounded by water 
and, in some cases, must be able to withstand high hydrostatic 
pressure. There are limitations in the selection of materials and 
analysis or operating principles for LoC analyzers to be used in the 
presence of highly corrosive seawater and high hydrostatic pressure. 
A high degree of automation is also required to enable unmanned 
operation in remote environments. These essential requirements 
for underwater LoC systems are reviewed below. 

First, an underwater system must be waterproofed for electrical 
insulation. For example, in deep water measurements, where large 
hydrostatic pressures are applied to the system, the most common 
approach is to enclose the core elements in a rugged, pressure 
vessel (Fig. 1). The pressure vessel can maintain a near-atmospheric 
pressure environment inside it, even against an elevated outside 
hydrostatic pressure (approx. 0.1 MPa increase every 10 m of 
descent). This approach allows equipment that can be used in a 
tabletop environment to be placed directly into the water. However, 
conventional pressure vessels made of metal, glass,

35
 or ceramics

36
 

tend to have thicker walls and heavier weight to resist high 
hydrostatic pressure. Hence, the pressure vessel tends to account 
for a larger percentage of the total volume and weight of the in situ 
analyzer. Therefore, the core analysis elements housed in the 
pressure vessel should be miniaturized as much as possible to 
minimize the size and weight of the pressure vessel. At the same 
time, the pressure vessel needs to be cylindrical or spherical in 
shape because it is more resistant to external pressure. 
Consequently, the geometry of the core analysis element is limited.  

Second, to introduce a liquid sample such as seawater into a 
pressure-resistant vessel from a high hydrostatic pressure 
environment, a depressurization mechanism is necessary. For 
example, in the case of the environmental sample processor (ESP) 
developed for in situ molecular biology analysis,

37-42
 the deep water 

sampling module (DWSM)
38, 43

 is used as an add-on to the ESP to 
depressurize the sample during deep water operations at depths of 
up to 800 m.

44 Conversely, if excess sample or analytical waste 
needs to be drained from the pressure vessel, it must be discharged 
from the low-pressure side to the high-pressure side using a 
powerful pumping device. With this approach, analysis elements 
that operate at atmospheric pressure can be brought into an 
underwater field without any modifications. However, this requires 
additional mechanisms for sample decompression and waste 
drainage, which increase the complexity of the analyzer.  

There is a different approach for waterproofing the core 
elements used underwater, which is the adoption of a pressure-
balanced structure by liquid immersion. Instead of storing the core 
elements in a pressure vessel maintained at atmospheric pressure, 
they are immersed in an insulating fluid such as oil and stored in a 
sealed container to provide electrical insulation (Fig. 1b, c). A 
pressure-balanced container must be sufficiently flexible to be 
deformed by the contraction of the insulating fluid as the 
hydrostatic pressure increases or it must have a soft diaphragm or 
bladder. Since a pressure-balanced housing does not need to be 
pressure-resistant, the shape is not restricted and it can be made of 
standard plastic sealed containers used in a laboratory. Additionally, 
small micropumps can be employed to introduce samples or 
reagents to the analysis elements and drainage of wastes because 
there is not a large pressure difference to overcome. However, the 
analysis elements stored in the pressure-balanced housing are 
directly exposed to the ambient hydrostatic pressure. Therefore, 
the analysis elements themselves and the structure must have a 
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sufficient pressure tolerance.  

In reality, a hybrid system is the most common approach. In such 
a system, only microfluidic elements and reagents are exposed to 
the environmental pressure to equalize the pressure, while fragile 
elements such as control electronics and optical systems are stored 

in a pressure-resistant container (Fig. 1b).  
For materials commonly used for LoC devices such as glass, 

silicon, plastics, and elastomers, the change in the material volume 
itself due to elevated hydrostatic pressure is typically not a limiting 
factor. For example, even PDMS (polydimethylsiloxane), which has 
one of the lowest bulk moduli (2.20–4.95 MPa)

45
 among LoC device 

materials, can be used in deep-sea environments at depths of 1,000 
m.

46, 47 By supplying organic solvent vapors to substrates with 
microgrooves formed by machining against PMMA 
(polymethylmethacrylate) and COC (cyclo olefin copolymer) 
substrates, the fabrication of devices for optical applications has 
been achieved simultaneously by bonding paired pieces and 
smoothing out the microchannel surface.

48 LoC devices fabricated 
using the solvent vapor bonding are suitable for a marine 
environment as described in this review. Another method, the 
solvent vapor–assisted thermal fusion bonding method, also 
achieves bonding of strong PMMA substrates suitable for marine 
environments.

49 Although these top-down machining dependent 
fabrication methods are not suitable to realize fine patterns on the 
micrometer or nanometer scale, they provide an economical and 
practical way to form LoC devices without photomasks or 
photofabrication equipment.  

In the case of a structure where the gas phase remains as voids 
in the microstructure, compression and deformation occur due to 
hydrostatic pressure and it must be avoided. Relatedly, it is almost 
impossible to use gas pressure as the driving force for the pumping 
of liquid or pneumatic microvalves.  
 A high degree of automation is necessary for standalone 
equipment used in the offshore field. In the case of analyzers 
operating at large water depths or in remote locations with limited 
human access, the sample collection, the analytical sequence, the 

fluid control, and the data acquisition must be fully automated. 
Therefore, analytical operations performed in a LoC system must be 
simple and practical without complex fluid control elements. For 
this reason, most successful underwater in situ analysis systems are 
based on devices that employ simple and reliable flow analysis 
methods, including flow injection (FIA),

50-53
 continuous flow analysis 

(CFA) and their derivatives,
54-69

 stopped-flow analysis (SFA),
70-77

 and 
reverse FIA (rFIA).

78-81
 

 

3. Essential technologies for in situ LoC analyzers 
With the advances in LoC technologies in the last few decades, 

in situ underwater analyzers have become a reality. A key 
component to realize truly miniaturized and practical in situ LoC 
analyzers is a compact and reliable pumping device.

33, 82
 When 

applying commercially available pumping technology to in situ 
analyzers, appropriate pumps must be chosen from 1) plunger 
(syringe) pumps, 2) solenoid pumps, 3) peristaltic pumps, 4) gear 
pumps, 5) piezo pumps, and 6) other pumps.  

Due to the precision of the pumping volume and the flow rate 
without flow-rate sensors, the higher pumping pressure, and the 
simpler structure, the most widely used in situ pumping device for 
LoC analyzers is a plunger pump.

38, 42, 43, 46, 70-77, 83-85
 A typical plunger 

pump cannot, in principle, complete continuous flow on its own. It 
requires periodic refilling of the cylinder with fluid. To overcome 
this limitation, alternating actuation of multiple syringes in parallel 
allows for continuous pumping.

86
  

Solenoid pumps, which use a solenoid-driven plunger or 
diaphragm driven by the plunger to drive a liquid, are used for in 
situ LoC analyzers as well as the diaphragm pump.

79-81, 87, 88
 The 

pumping of a solution by a solenoid pump is based on the 
intermittent actuation of the solenoid to discharge the entire 
volume of the solution in one stroke. Using solenoid pumps with a 
sufficiently small discharge volume, CFA becomes possible with 
MFDs. In addition, compared to stepper motors, which are 
commonly used to drive plunger pumps, actuation of a solenoid 
requires a simpler driver circuitry for operation. Thus, use of them is 
advantageous to realize a reliable in situ LoC analyzer with lower 
complexity on its configuration.  

Peristaltic pumps use an eccentric cam driven by a DC or 
stepper motor to create an intermittent continuous flow by 
squeezing an elastic tube without valving devices. In addition to 
applications to continuous flow colorimetric LoC analyzers,

89, 90
 

miniaturized peristaltic pumps have been applied to biological in 
situ LoC analyzers due to their low contamination risk since the fluid 
contacts only the tubing materials (Fig. 2).

69
 It should be noted that 

when a peristaltic pump is used in an oil immersion, the oil 
resistance of the tubing material, which is typically a silicone 

Fig. 1 Typical configurations of a flow analyzer for underwater 
use. a) All elements are enclosed in a pressure vessel. b) Only the 
fluidic elements are exposed to ambient pressure by immersing 
them in oil (equalized pressure structure). c) All elements are 
exposed to ambient pressure. 

Fig. 2 Analysis module for the in situ ATP analyzer. Three 
peristaltic pumps and three solenoid-actuated three-way valves 
are employed as the pumping device. All the components shown 
in this photo, including the PMMA MFD, are immersed in oil for 
underwater operations. Reprinted from T. Fukuba et al., 2018.

69
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elastomer, rubber, or vinyl, must be considered.  
Gear pumps can discharge the fluid continuously by rotating a 

plastic or metallic gear driven by a DC or stepper motor in the pump 
chamber. Because it can pump continuously with a smaller flow 
pulsation compared to solenoid or peristaltic pumps, it is utilized for 
in situ analyzers, which require a stable liquid flow for fluid 
manipulations.

47, 91 The flow rate is roughly proportional to the 
speed of the gears under no load. However, in practice, the flow 
rate depends on the flow resistance. If accurate flow rates must be 
maintained, a combination of flow sensors is needed.

47
  

Most of the pumps based on electric actuators such as motors 
or solenoids can be used in an oil-immersion under high pressure 
without substantial modification. It must be noted that some holes 
must be carefully opened on the sealed housing to entirely fill the 
oil inside the actuator. 

The most compact commercially available pumps with 
continuous pumping capability are mechanical micropumps built 
with micromachine technology. These are typified by piezoelectric 
driven pumps, which have extremely small dead volumes, inner 
volumes, and electric power consumption.

92
 Similar to a gear pump, 

the flow-rate of piezo pumps is influenced by flow-resistance, and a 
flow-rate sensor is needed for precise flow-rate control. Although 
MEMS flow-rate sensors based on heat transfer phenomena have 
been developed

93
 and one was used in a deep-sea application,

47
 the 

pulsations produced by piezo pumps reduce the measurement 
accuracy of the flow sensors.

94, 95
 Piezo-driven micropumps can also 

be used in an oil-immersion under high pressure with minimum 
modifications. One study developed an underwater system where 
such a micropump was used for sample collection because strict 
accuracy of the flow rate is not required.

96
  

As an application of pumps without electric power consumption, 
osmotic pumps,

97, 98
 which are generally used for drug infusion by 

implantation in the medical or biological field, were utilized for LoC 
analyzers for long-term deployment.

60, 61
 An elastomeric balloon 

pump,
99

 a practical medical device for drug infusion, is another 
example of a pump that does not require electric power. It has been 
applied to LoC systems.

100-102
 The advantages of these pumps are 

that they do not require a power source and realize smooth 
continuous pumping. However, they require careful evaluation and 
appropriate setting of the flow rate in advance of in situ 
deployments. Therefore, they are also useful in applications that do 
not require strict flow control such as periodic cleaning of fluidic 
lines or housekeeping applications for systems such as biofouling 
prevention during long-term in situ operations.  

For fluid switching, solenoid-actuated valves are used in most in 
situ LoC analyzers. Well miniaturized solenoid valves are available 
as off-the-shelf items, and their use or functional integration

103
 with 

MFDs is a commonly accepted strategy to realize portable analyzers. 
The miniaturization and integration of valve functions is recognized 
as a major challenge for LoC systems. On-chip microvalves with a 
variety of valving principles are reported elsewhere.

104
 However, 

most require external actuators or pressure sources to drive the 
microvalves integrated onto the MFD. Compared to discrete valves, 
the major contributions of on-chip microvalves are the reduction in 
dead volume, higher switching speed, and precise metering of a 
small liquid volume in a device. Consequently, the contribution to 
the total miniaturization is limited. However, the impact on the 
overall miniaturization of the analyzer can be significant when 
smaller pressure sources such as EOPs

105
 are utilized.

47, 106
 For in 

situ LoC analyzers where miniaturization and integration as well as 
long-term reliability are important, non-actuator-based valving 
mechanisms such as frozen plug valves

107, 108
 are a promising 

solution.  
Photodetection devices are essential for many in situ LoC 

analyzers. A light source and a photodetector are needed for 
colorimetric analysis, while a highly sensitive photodetector like a 
photomultiplier tube (PMT) is required for photometric analysis. 
The conventional approach is to enclose them in a pressure vessel. 
However, most solid-state silicon semiconductor devices such as 
LED light sources and photodiodes are usable under elevated 
hydrostatic pressure.

109-111
 Since the PMT devices for highly 

sensitive photometric analysis generally have a vacuum tube with 
thin glass walls, it is difficult to expose them to hydrostatic pressure. 
On the other hand, novel photodetectors such as micro PMTs

112
 or 

a silicon PMT (or a multi-pixel photon counter: MPPC)
113, 114

 have 
become available in recent years. Although the hydrostatic 
resistance of these novel photodetectors needs to be further 
evaluated, it may be possible to use them outside the pressure 
vessel if they are electrically insulated (e.g., by immersing them in 
oil or a transparent resin). Hence, they may greatly contribute to 
the miniaturization of in situ LoC analyzers for colorimetric or 
photometric analysis in future.  

 

4. Sample collection and LoC 
Generally, in the marine environments, samples containing the 

targets to be analyzed by in situ LoC analyzers are seawater, which 
is abundant in the vicinity of the analyzers. Consequently, there is 
no need to introduce samples into the MFDs using devices like 
micro pipettes. Instead, a sample can be introduced by a pump to 
bring the surrounding fluid into the analyzer. In addition, for time-
consuming and high-resolution analysis with samples collected with 
a highly resolved spatiotemporal resolution, temporal storage of a 
small amount of samples in the analyzer is another promising 
application of LoC technologies.

115-117 On the other hand, most 
molecular biological analysis of marine microorganisms or eDNA 
requires the capability to collect and concentrate samples. Because 
the previously described example of an in situ genetic analyzer 
using a LoC system

46
 does not have a specific system for sample 

preconcentration, the sample volume that can be processed is 
limited to a few milliliters at most. In addition, due to the low 
throughput of the DNA extraction process using microfluidics, even 
the microbial lysis, DNA concentration and the purification process 
for a small amount of seawater samples takes tens of minutes.

46
 

Hence, the challenge for LoC analyzers is system adaptability to 
rarefied samples in nature.  

As widely accepted, LoC systems often have fundamental 
difficulties processing large quantities of samples (e.g., tens of 
milliliters or liters). One possible solution is parallelization of the 
analysis. For example, practical technologies for the generation of 
droplets or emulsions and their applications in biological and 
biochemical analysis are expected.

118, 119 Unlike instruments for 
tabletop or industrial applications, which target samples with an 
approximately known size range and concentration and can be 
manually supported as needed, examples of such technologies for 
underwater in situ analysis that requires fully automated processing 
of a broad range of particles have yet to be reported. On the other 
hand, there are ways to overcome this challenge by a combination 
with a “macrofluidic” system. That is, a filter concentration 
mechanism is reasonable when analysis of particles dispersed in 
space is needed. To monitor airborne microorganisms using a 
tabletop device, a combination of a dust collection mechanism to 
collect airborne microbes and subsequently transferring the 
concentrated samples to MFDs has been used.

120, 121
 In an effort to 

realize underwater in situ analysis, MBARI’s ESP provides a 
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successful example.
37-39, 43  

Several automatic sample filtration and concentration systems 
have been proposed for use in the ocean

122
, and some, including 

ESP, are commercially available. In one study, a moored ESP 
platform with an automated sample collection and fixation 
capability archived RNA samples for a metatranscriptome analysis 
of marine microbes.

123
 In another study on metatranscriptomic 

analysis of the daily changes in the microbial flora in surface 
seawater, an ESP tethered to the seafloor at a depth of about 200 
m offshore of Santa Catalina Island, California, USA archived 
samples.

124
 In addition, Deep-ESP, which can be operated in the 

deep sea, collected microbes in the hydrothermal system, and 
metatranscriptomic analysis was subsequently performed.

124
 A 

different study, which occurred over four days on the deep seafloor 
simultaneously collected one liter of sample, filtered it, and fixed 
RNA using an RNAlater solution.

125
  

In the case of eDNA analysis, the required sample volume ranges 
from tens of milliliters to several liters. Although the contribution of 
the LoC system alone is a challenge, combining a LoC system with a 
useful field deployment platform and sample collection system may 
support studies requiring a higher sensitivity such as the estimation 
of spawning grounds or monitoring for endangered species 
represented by eels.

126, 127 In addition, the collection of marine 
microplastics requires larger quantities of seawater

128
 and a 

combination with macrofluidic systems will be essential for future 
in situ LoC analyzers.  

Three-dimensional printer technology will be useful to realize the 
aforementioned macro-to-micro interface. In particular, 
stereolithography and material-jet 3D printers can fabricate various 
MFDs.

129, 130
 Moreover, 3D printer technology can integrate various 

functional elements such as 3D channel shapes and integrally 
molded valves,

131
 which are difficult to obtain with conventional 

photofabrication methods. Hence, its usefulness will increase in the 
future. Furthermore, 3D printer technology can simultaneously 
mold micro- and macro-structures such as fluidic manifolds, filter 
holders, reagent reservoirs, and fluidic connectors. Therefore, it is 
one of the most efficient methods to integrate microfluidic 
structures for analysis and macrofluidic structures for 
preconcentration that require relatively large throughputs. For 
example, we have applied material-jet 3D printer technology to 
realize a 3D flow cell for underwater adenosine triphosphate (ATP) 
quantification

132
 and realization of a novel in situ totally integrated 

genetic analyzer with multi-scale fluidic manipulation capability. 
 

5. Colorimetric analysis 
Colorimetry is the analytical process to quantify dissolved 

chemical elements or compounds based on the amount of color 
change due to the formation of dye molecules by adding chemical 
reagents to an aquatic sample to be analyzed. In the field of 
oceanography, flow analysis based on colorimetric chemistry is 
common in the analysis of sub-micromolar to nanomolar 
macronutrients

133-136
 and sub-micromolar to sub-nanomolar of 

trace metals.
134, 136 In addition, the seawater pH is frequently 

measured using colorimetry with an accuracy in excess of ± 0.01 pH 
unit.

137, 138
 Major factors that determine the performance of 

colorimetric analysis are a high sensitivity and accurate 
measurement of absorbance following efficient mixing of reagents 
and samples for colorimetric reactions. The realization of a portable 
optofluidic device that integrates these essential functions and the 
completion of the total in situ analyzer are major contributions of 
LoC technologies in oceanography. The most successful deployment 
of LoC technology in oceanography has been in its application to 

miniaturized colorimetric nutrient analyzers, due to the continued 
and significant demand on it and relatively simple system 
configuration. These advanced technologies have already been 
applied to practical in situ measurement.

32-34
 

 

5.1 Nutrient analysis   Among the marine parameters frequently 

measured by the colorimetric method, those closely related to 
biological activities are macronutrients, which contain nitrate, 
phosphate, and silicate. The in situ concentrations of nutrients 
essential for the growth of marine plankton, especially in the 
surface zone, are found on the nM level of low concentration

135
. 

Consequently, instrumentation of highly sensitive analyzers based 
on the colorimetric methods is essential for oceanography 
applications. Even before LoC technologies became practical, 
miniaturization techniques using a top-down approach

82
 were 

applied to develop in situ nutrient analyzers such as nitrite,
51

 nitrate 
and nitrite,

53, 78
 and silicate and sulfide.

57
 For a review, see Mills and 

Fones (2012).
139

 For example, SCANNER, a pioneering colorimetric 
analyzer, which was mounted on a manned submersible vehicle 
together with dissolved oxygen (DO) and temperature sensors in 
the vicinity of hydrothermal systems at depths greater than 2,500 m, 
detected rapid changes in the concentrations of silicate and sulfide 
around hydrothermal vents.

57
 On the other hand, there is a strong 

demand for miniaturization and functional integration of fluidic 
components for nutrient analyzers that require multiple pumps and 
valves. To date, LoC devices with functions for reagent mixing and 
reduction of analytes using a solid catalyst have been developed 
and integrated to in situ analyzers as reviewed below.  

An essential element for colorimetric analysis is an optofluidic 
flow cell to measure the absorbance. Typically, transparent plastic 
materials are used due to their easy microfluidic formation and 
lower manufacturing cost compared to glass. Among them, PMMA 
and COC have high transparencies, and various reliable 
microfabrication methods have been developed such as mechanical 
cutting and hot embossing for microchannel or flow-cell formation. 
One of the earliest successes is the development of an autonomous 
nutrient analyzer in situ (ANAIS), which is based on PMMA MFDs for 
nitrate and phosphate, and PEEK devices for silicate analysis. ANAIS 
acquired vertical profiles of nitrate up to a depth of 1,000 m in the 
Mediterranean Sea.

79
 More recently, further miniaturized and 

functionally integrated analyzers for in situ measurements of 
nitrite,

70
 nitrite and nitrate (Fig. 3),

71
 and phosphate

72, 76
 based on 

plastic MFDs with an optofluidic cell
140

 fabricated by the solvent 
vapor bonding method

48
 have been developed. Tinted PMMA 

shows a superior performance as a material for absorbance cell 
compare to transparent substrates because it suppresses stray 
light.

140, 141
 In addition, month-long continuous observations in 

subtropical oligotrophic areas
76

 were achieved using in situ 
phosphate analyzers based on the solvent vapor–bonding 
technology and molybdenum blue batch method.

142
 A miniaturized 

in situ analyzer with an in situ calibration capability demonstrated 
not only vertical profiling of nitrate and nitrite but also operations 
with moored at elevated water depths offshore in Western 
Africa.

143
 Moreover, a highly automated LoC system for colorimetric 

analysis has been mounted on an underwater glider, which is an 
autonomous observation platform, as a payload sensor. 
Deployment in the Central Celtic Sea confirmed the practical 
performance of continuous vertical profiling of nitrate + nitrite 
(ΣNOx) (Fig 4).

84
 The concentrations of ΣNOx measured using the 

LoC colorimetric analyzer family introduced above have excellent 
agreement with those measured by the conventional tabletop flow 
analysis method. The combined measurement uncertainty 
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associated with the data produced from multiple LoC ΣNOx 
analyzers is < 5%, demonstrating the feasibility of parallel 
operations of multiple analyzers to cover a wider area.

144
  

To obtain data sets with a higher spatiotemporal resolution 
using mobile platforms such as vertically casted CTDs and 
underwater gliders, the measurement frequency must be improved. 
A multiplexed stop-flow analysis method using multiple syringe 
pumps can enhance the temporal response of LoC analyzers.

86
 

Similar miniaturized in situ analyzers made by tinted PMMA 
devices, including a multi-step pretreatment process for silicate 
measurements, have been evaluated.

85
 Sequential mixing of 

multiple chemicals for colorimetric measurements of silicate based 
on the molybdenum blue method can be performed via a 
continuous flow format using the MFD with multiple static mixers.

85
  

Solid catalysts are sometimes used in colorimetric analysis for 
the reduction of the analytes. For example, a generic approach for 
nitrate analysis is the use of off-chip copperized cadmium 
catalysts.

71
 Because the integration of the catalyst to MFD 

minimizes the dead volume, it can improve the response of 
colorimetric measurements. As an example, a solid cadmium 
catalyst disk with an engraved microfluidic channel was embedded 
to a PMMA device for nitrate analysis.

79
 Integration of the catalyst 

and other fluidic components to minimize the dead volume is 
essential especially for an analysis device with a very low flow-rate. 

In the case of a pioneering nitrate analyzer with osmotic pumps
60, 61

 

as the pumping component, a disk-shaped solid catalyst was 
embedded on a PVC plate with microfluidic channels formed by 
embossing.

60
 Since the sample and reagent flow rates were 12 and 

1 µl/hr, respectively,
60

 elimination of the dead volume is critical to 
enhance the response and temporal resolution of the analyzer.  

As an alternative to the widely utilized Griess assay for nitrate 
determination,

145
 instrumentation involving the chromotropic acid 

reagent method has been examined because it does not require a 
catalytic reduction step.

89, 90 Although it has yet to be applied to 
real field measurements, it seems to be a promising method for 
nitrate determination by a simpler analyzer.  
 

5.2 Trace metal analysis   Hydrothermal activities supply large 

quantities of trace metal elements such as iron and manganese to 
the ocean.

58, 146
 Hydrothermal activities are some of the most 

dynamic geological phenomena on the seafloor, and are useful for 
mapping hydrothermal fluid diffusion

58
, estimating the dynamism 

of hydrothermal activity,
147

 and searching for new hydrothermal 
sites.

148
 These trace metal elements can be quantitatively analyzed 

by colorimetric methods. Hence, automated measurements have 
been conducted using various in situ colorimetric analyzers.

58, 63, 64
 

The manganese concentrations in the coastal waters of Scotland’s 
fjords were continuously mapped using a compact in situ analyzer 
installed on an autonomous underwater vehicle (AUV).

62, 149
 A flow 

analysis device, CHEMINI
52

, which can measure dissolved iron and 
total dissolved sulfide in the deep sea up to 6,000 m, was installed 
to the miniaturized seafloor observation platform TempoMINI 
together with a video camera for biological analysis. The variation 
of the iron concentration in the hydrothermal system was 
continuously measured for 3.8 months.

150
 Although these in situ 

trace metal analyzers were successfully deployed in real 
environments, the flow elements were composed of discrete 
pumps, valves, and tubes, demonstrating that further 
miniaturization is possible.   

Recently, a LoC analyzer incorporating a tinted PMMA-based 
microfluidic colorimetric device

140
 developed by a solvent vapor 

bonding procedure
48

 was installed in a CTD profiler to demonstrate 
manganese and iron measurements on the tens of nM levels.

74
 

During a nine-day deployment at the sea surface in the Baltic Sea, 
an improved LoC analyzer with a low-nM to several-µM 
measurement range was used for vertical profiling of iron.

75
 To 

improve the dynamic measurement range, the device sequentially 
connected three optofluidic cells, three sets of LED light sources, 
and a photodetector for absorbance measurements.

75
  

Most colorimetric analyzers proposed to date use SFA instead of 
CFA because reciprocating syringe pumps are used for the reagent 
and sample supply. These systems use static mixing by diffusion of 
the reagent/sample components in a simple microfluidic channel or 
mixing that relies on injection and transfer of the sample plugged 
into the intermittent carrier flow.

70-73, 79, 86
 On the other hand, fast 

mixing of reagents and samples by employing 2D or 3D passive 
mixing structures

151, 152
 or active mixers

153
 should improve the time 

resolution of the analysis, especially for fully continuous flow 
analysis. To enhance mixing with lower fabrication costs, an in situ 
manganese quantification device was developed using 3D printing 

technology.
154 A 3D-printed PMMA mixing device based on a 

multilaminar concept realized a high flow rate, fast mixing, and fast 
coloration for in situ manganese analysis with a high spatiotemporal 
resolution.

154  
Electric power consumption limits the continuous operating 

period of in situ analyzers in long-term measurements. For a 
continuous measurement system, pumping devices often consume 

Fig. 3 Tinted PMMA MFD for in situ analysis of nitrate and 
nitrite (left), and the MFD integrated with fluidic components 
for in situ operations (right). Reprinted with permission from 
Beaton et al., 2012.

71
 Copyright (2012) American Chemical 

Society. 

Fig. 4 (a) Mounting locations of sensors deployed on an 
underwater glider (Seaglider, Kongsberg, Norway). (1) 
Conductivity and temperature (CT) sensor, (2) LoC ∑NOx 
analyzer, and (3) optical back scatter sensor. (b) LoC ∑NOx 
analyzer placed into the payload bay of a Seaglider. (c) LoC 
∑NOx analyzer consisting of (1) tinted PMMA MFD, (2) 
electronics, and (3) custom-made syringe pump assembly. 
Reprinted from Marine Chemistry Vol. 205, 20, A. G. Vincent et 
al., Nitrate drawdown during a shelf sea spring bloom revealed 
using a novel microfluidic in situ chemical sensor deployed 
within an autonomous underwater glider, Pages 29-36,

84
 

Copyright (2018), with permission from Elsevier. 
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a considerable portion of the electricity. As a practical solution, a 
LoC system using osmotic pumps (Fig. 5) was applied to year-long 
monitoring of iron concentrations, which appear to be linked to the 

hydrothermal activity on the seafloor.
61

 Two osmotic pumps 
sequentially added ascorbic acid and ferrozine to a seawater 
sample for colored complex formation. The osmotic pumps were 
modified by replacing the volume of the working fluid (saturated 
NaCl) with seawater for sample introduction. Standard and blank 
samples were periodically injected into the stream using solenoid 
pumps for system calibration. After a year-long deployment at a 
1,500-m deep hydrothermal vent on the Juan de Fuca Ridge, the 
short (<1 day) and long-term (> 1 month) variabilities of the iron 
concentration were elucidated in the range from sub-µM to tens of 
µM.  

Osmotic pumps have also been applied to develop a continuous 
water sampler, OsmoSampler, for hydrothermal fluid collection for 
bench-top analysis.

155
 Although applying osmotic pumps for short-

term analysis is challenging because flow-rate stabilization under in 
situ water temperature and pressure is time-consuming (over 2 
weeks)

61
, it is advantageous for long-term continuous analysis. 

 

5.3 pH measurement   One of the most important parameters, 

especially when ocean acidification is recognized as a serious 
environmental issue, is seawater pH.

7, 8
 The decrease in seawater 

pH due to ocean acidification in the ocean surface mixing layer is 
close to 0.015 units/decade.

8
 Therefore, in situ pH measurements 

to monitor ocean acidification requires an extremely high precision 
and accuracy. Along with nutrient and trace metal analysis, perhaps 
one of the most widely known colorimetric methods is pH 
measurements using colorimetric pH indicators.

137, 138, 156
 In the 

field of oceanographic observations, thymol blue and metacresol 
purple is a standard pH indicator for surface seawaters and surface 
to deep ocean waters, respectivery.

156, 157
  

Compared to potentiometric in situ glass pH electrodes
158, 159

 
and semiconductor pH sensors,

160-162
 which are common for in situ 

pH measurements, a colorimetric pH analyzer requires a flow 
system. This makes the colorimetric analyzer configuration more 
complex. Therefore, it may be necessary to develop a highly reliable 
device for long-term measurements for extreme and remote 
environments such as the polar regions.

163
 On the other hand, 

although simple pH measurements using electrodes will continue to 
be a standard method for in situ pH measurements, colorimetric pH 
measurements are superior in terms of pH measurement accuracy 
when using carefully purified indicator dyes.

164
 In addition, the 

colorimetric method does not require frequent calibration which is 
needed for glass electrodes to compensate for the considerable 
output drift.

164
  

There are several examples of the development and field 
deployment of colorimetric pH analyzers

65, 80, 81, 83
 and pH/pCO2 

analyzers.
66, 165

 The tinted PMMA MFD with a static mixer and a 10-
mm absorbance cell was developed and integrated with syringe 
pumps, a LED light source, and a linear array photodiode 
spectrophotometer for colorimetric pH measurement using thymol 
blue.

73, 83
  Estimated short term precision of the system was 0.001 

pH unit and an accuracy was within a accuracy of certified pH 
standard solution (0.004 pH unit). The completed LoC pH 
measurement system was evaluated by  continuously measuring 
seawater pH in an onboard laboratory for one month and more 
than 5,000 continuous pH measurements were demonstrated in 
European shelf waters

73
. Towards the improvement of the mixing of 

reagents and samples as well as further miniaturization of the 
analyzer, MFDs have been applied to in situ pH analyzers.

73, 83
 Some 

studies have proposed extending the pH measurement range by 
mixing multiple dyes. An autonomous chemical sensing platform 
with tinted PMMA MFD capable of pH measurements between pH 
4 and 9 has been proposed.

166
 PDMS MFD with folding 

micropatterns for reagent mixing and multiple absorbance cells has 
been developed.

151
 Because the device has a small geometry similar 

to a microscope glass and simple absorbance cells that fit to LED 
light sources and photodetectors, it can be integrated with an 
electrical printed circuit board (PCB) to realize an ultra-compact 
colorimetric pH analyzer in the future. Because of existence of pH 
electrodes as robust, miniaturized, and commercialized sensing 
devices, the application of the LoC technology for pH measurement 
is still limited compare to the other colorimetric analysis. On the 
other hands, highly reliable in-situ pH measurements based on the 
use of the well-established and scientifically accepted pH-indicating 
dyes are essential for accurate pH measurements needed for 
monitoring of the ocean acidification, and LoC has great potential 
for its field instrumentation, so further developments can be 
expected in the future. 
 

6. Chemiluminescence/bioluminescence analysis 
Chemiluminescence or bioluminescence analysis employs 

similar instrumentation as colorimetric analysis. It uses microfluidic 
mixers, flow cells, and photodetectors. In principle, these methods 
measure the concentration of components by assessing the 
intensity of chemiluminescence or bioluminescence emitted due to 
a reaction between the reagent and the component to be 
measured. Typically, the light source, which is essential for 
colorimetric analysis and increases noise on measurement, is 
unnecessary in the analysis. Hence, such analyses have a higher 
sensitivity due to the improved signal-to-noise ratio and a wider 
linear dynamic range of quantification compared to spectroscopic 
or colorimetric analysis.

134
 On the other hand, an extremely 

sensitive photodetector such as a PMT is needed to measure the 
intensity of weak luminescence light. 
 

6.1 Trace metal analysis with chemiluminescence   In 
addition to macronutrients, trace metals, which are called 
micronutrients due to their very low concentration in nature, are 
also essential for the growth of marine organisms. In the field of 
chemical oceanography, the concentrations and distributions of 
iron,

167-170
 manganese,

171, 172
 copper,

173
 and cobalt

174
 have been 

elucidated using automated flow analyzers those can perform 
luminol-based chemiluminescence analysis. Instead of sampling and 

Fig. 5 Schematic diagram of an in situ Fe analyzer using an 
osmotic pump. Reprinted from Analytica Chimica Acta Vol. 463, 
T. P. Chapin et al., In situ analyzer for the year-long continuous 
determination of Fe in hydrothermal systems, Pages 265-274,

61
 

Copyright (2002), with permission from Elsevier. 
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shipboard analysis with limited spatiotemporal resolutions, 
practical in situ analyzers developed via a top-down approach have 
been utilized for in situ continuous analysis based on the 
chemiluminescence.

67, 68, 175 Mapping of the manganese 
concentration using an AUV with a submersible in situ Mn analyzer 
(GAMOS) revealed anomalies around an undersea volcanic crater in 
the Sagami Bay, Japan.

176
  

Although the reports are limited compared to the applications of 
colorimetric analyzers, LoC technologies have also been applied to 
in situ chemiluminescence analysis. For example, a PDMS MFD with 
an integrated chelate-resin column for Fe removal for in situ Mn 
determination with CFA format by the luminol chemiluminescence 
reaction has been reported.

177
 Figure 6 shows an in situ manganese 

analyzer using a PDMS MFD with integrated valves and flow-rate 
regulators.

47
 Hydraulic pressure was used as the source of a driving 

force for the microvalves and flow-rate regulator. Methanol 
pumped by electro-osmotic pumps (EOP) 

105
 as the hydraulic 

pressure source has been used as the working fluid to drive 
them.

106
 This device has tesla mixer structure

178
 to mix the reagent 

and sample prior to supplying to the serpentine flow cell for 
chemiluminescence detection. The reagent and seawater sample 
are pumped using a miniature annular gear pump connected to the 

outlet of the PDMS device. By monitoring the flow rate of CL 
reagent and the total flow rate using off-the-shelf miniature 
thermal flow-rate sensors, the flow-rate ratio between the sample 
and CL reagent can be kept constant using an integrated flow-rate 
regulator driven by an electroosmotic pump. This pumping format 
allows the sample seawater into the PDMS device with a minimal 
dead volume. The use of single pump is also advantageous to 
realize a simple and lower power consumption analyzer. Figure 7 
shows a pumping device and the completed in situ manganese 
analyzer mounted on an ROV for combined measurement, which 
contributed to the discovery of a novel underwater hydrothermal 
site in the Okinawa Trough, Japan. The analyzer detected an 
anomaly in the manganese concentration along with lower pH and 
higher temperature values.

47
  

Since luminescence analysis generally requires extremely weak 
luminescence intensities to be measured, the photodetectors must 
be more sensitive than those for spectroscopic or colorimetric 
analysis. Typically, PMTs capable of photon counting are used in 
pressure vessels. The pressure vessels for photometry purposes 
consist of thick walls to withstand hydrostatic pressure and a thick 
transparent pressure-resistant window to let light in. This setup 
increases the overall size of the analyzer. On the other hand, 
advanced microfabrication technology can produce ultra-small 
PMTs with a high sensitivity, which are available commercially.

112, 

179
 Using these modern, compact photodetectors, the capacity of 

the pressure vessel can be minimized. Moreover, attempts have 
been made to achieve photometric analyzers without pressure 
vessels to further miniaturize LoC analyzers.

101, 132
 

 

7. Biological analysis 
To study the amount, distribution, diversity, and dynamic 

responses to changes in environmental conditions, traditional 
studies involve sample collection and conventional microscopic 
observations of prokaryotic and eukaryotic marine microorganisms 
as well as viruses. However, times have changed. In situ molecular 
biological analysis targeting biomolecules, including DNA and RNA, 
is now a feasible methodology supporting expansion of modern 
marine microbiology. Towards the realization of in situ underwater 
molecular biological analyzers, advanced LoC technologies have 
been applied. For example, a completely automated and parallel 
fluid control approach holds promise.  
 

7.1 In situ flow cytometry   High-throughput automated particle 

measurement methods, which apply flow cytometry and their 
derivative techniques,

180
 have been used to identify and quantify 

prokaryotic
181-184

 and eukaryotic
183-185

 plankton and viruses
186

 living 
in the ocean. These techniques have realized labor savings in 
marine microbiology-related studies. The realization of a miniature 
particle counting device based on the formation of stable laminar 
sheath flow by microfluidic technology and its application to 
marine plankton analysis are a promising and practical solution. For 
example, in situ flow cytometers have been mounted on surface 
buoys and automatically counted phytoplankton and transmitted 
measured data every two hours in an outdoor water basin.

185
 The 

reported in situ cytometer can detect 0.5 µm of latex beads or 1 to 
2 µm of cyanobacterial cells in a ribbon-shaped core fluid (0.4 to 4 
m/s of flow velocity) in a square quartz flow channel with 1 mm 
width connected to a gear pump. Other devices have also 
combined miniaturized optical

187
 and electrical

188
 detection 

methods. One study distinguished several species of eukaryotic and 
prokaryotic phytoplankton cells using a PDMS MFD with chevron 
patterns on the top and bottom of the channel for the precise 

Fig 6. (I) (a) Schematic diagram of an in situ Mn analyzer with 
(b) a flow-rate regulator and (c) microvalves. (II)Photo of 
PDMS MFD for in situ Mn analyzer. © [2013] IEEE. Reprinted, 
with permission, from C. Provin et al., 2013.

47
 

(I) 

(II) 

Fig 7. (I) MFD connected to the gear pump, flow-rate sensors, 
and electroosmotic pumps as a pressure source for actuation of 
a flow-rate regulator and micro valves. (II) View of the whole in 
situ LOC analyzer with a pressure vessel for the connected 
photodetector and reagent bags. © [2013] IEEE. Reprinted, with 
permission, from C. Provin et al., 2013.

47
 

(I) (II) 
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control of the sheath fluid to compress the sample stream in the 
channel.

187
 Simultaneous detection of two fluorescence signals 

from chlorophyll and phycoerythrin and side scatter allows to 
distinguish the species analyzed.

187
  

Another combined microfluidic resistance pulse sensor (RPS) 
technology and flow-through fluorescence analysis with MFDs to 
analyze the size spectrum of marine microalgae.

189 The PDMS MFD, 
which has a narrowed spot to detect the increase of flow resistance 
when the particles pass through it, successfully detected cells of 
microalgae as small as 3 µm.

189
  

 Today, utilization of Imaging cytometry based on high 
throughput video observation of flowing particles became available 
for practical taxonomy of marine plankton.

190-192
 Some instruments 

are operatable in situ for real-time biological observation.
193, 194

 The 
application of LoC technology for imaging cytometers has been 
demonstrated in the field of cell biology, primarily for biomedical 
applications.

195-197
 On the other hand, due to the extremely wide 

size spectrum of marine plankton cells compared to the cultured 
cells targeted in cell biology, the realization of a LoC system based 
on MFDs that can handle the analysis of natural samples is 
extremely challenging. Hashemi et al. reported the imaging 
cytometer based on the MFD capable of processing 1 to 80 µm of 
phytoplankton particles by designing wide (390 µm wide) 
microfluidic inlet on the PDMS MFD to prevent destruction of larger 
plankton cells.

198
 The chevron patterns

187
 properly worked here 

again to focus the core flow from the wider sample inlet.
198

 
Flow cytometry instruments have the advantage of being able 

to analyze a large number of particles in a short period of time. In 
particular, imaging cytometers need to handle large amounts of 
data, and therefore, they need real-time processing of the acquired 
data to enable continuous analysis for a long period of time. 
Considering the limited capacity of the data storage and data 
transmission throughput at remote environments, application of 
real-time in-situ image recognition technology based on deep 
learning is essential for practical deployment at sea.

199, 200
 

 

7.2 Biomass assay   Some of the biologically relevant molecules 

can be detected using luminescence analysis. For example, the 
luciferin luciferase (LL) assay with a modified firefly luciferase can 
quantitatively analyze adenosine triphosphate (ATP), which is the 
energy currency of living organisms and a proxy of biomass. The 
detection and quantitative analysis of ATP via an LL assay are widely 
used for cleanliness testing in the fields of public health and food 
production due to its high sensitivity and simple protocol.

201
 In the 

field of marine microbiology, ATP values are recognized as a proxy 
for the biomass of invisible marine microbes.

202  
The LoC analyzer for in situ ATP analysis with a PDMS MFD for 

LL assay in the SFA format have been evaluated at a hydrothermal 
vents in the shallow water.

77
 A two-layer PDMS device was 

developed with serpentine microchannels for cell lysis and spiral 
channel for bioluminescence detection due to the LL reaction. The 
PDMS channel was bonded with a glass substrate. The device had 
transparent heaters and a resistance temperature device (RTD) as a 
temperature sensor made of indium tin oxide (ITO) to maintain the 
optimum temperature (25 °C) for the LL assay. The MFD was 
connected to pumping devices, which consisted of miniature 
syringe pumps and solenoid valves. All the components for analysis 
were immersed in oil and operated at ambient pressure, except for 
the electronics and a PMT as a photodetector. This analyzer 
measured the total ATP (dissolved + intracellular) concentration as 
a semiquantitative indicator of the biological activity. As a field trial, 
the ATP analyzer was suspended to the seafloor from the surface 

vessel and placed near the hydrothermal vent by a human diver. 
The measured in situ ATP concentration from the diver-collected 
sample was clearly lower than the desktop value, implying that in 
situ measurements of the non-conservative biological component 
such as ATP are important to determine the real in situ 
concentration.

77
 Currently, the improved CFA version of the in situ 

ATP analyzer has been evaluated in deep-sea environments.
69

  
Figure 8 shows the PMMA MFD for the LL assay, which has a 

microchannel with a serpentine pattern for cell lysis and 
photometry flow cell on its center. Syringe pumps are replaced with 
miniature peristaltic pumps for continuous pumping of reagents 
and samples. This was deployed at a deep-sea hydrothermal area, 
reaching a depth of 200 m at the Oomuro Hole, Japan. As a result of 
in situ measurement during the ROV dive, 2.0–3.0 x 10 

-11
 M of in 

situ ATP values were successfully obtained.
69

 
 

7.3 Genetic analysis   For modern environmental microbiology 

based on the detection of genetic biomarkers or metagenomic 
analysis,

203
 molecular biological assays targeting genetic materials 

such as DNA and RNA is an essential tool. Metatranscriptomic 
analysis, which targets microbial RNA, can elucidate the response of 
microbiota in diverse environmental conditions. Furthermore, 
numerous unknown transcripts can be detected.

204
 In recent years, 

the scientific and industrial interest applying environmental DNA 
(eDNA) analysis to detect and estimate the dynamics of marine 
organisms, including large animals such as fish,

205, 206
 has been 

increasing. There is even a demand to develop practical instruments 
for in situ analysis of eDNA.  

Molecular biological analysis is one of the most promising 
targets for LoC systems. On the other hand, factors such as the 
need for precise manipulations of micro-scale solutions and the 

Fig. 8 (I) In situ ATP analyzer and (II) result of an in situ ATP 
measurement at deep sea. Reprinted from T. Fukuba et al., 
2018.

69
 

 

(I) 

(II) 
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complexity of analytical procedures such as nucleic acid extraction, 
purification, concentration, and amplification have hindered the 
development of in situ underwater genetic analyzers that adopt LoC 
technologies. For example, the Autonomous Microbial Genosensor 
(AMG), which is an underwater in situ analyzer, can collect samples, 
extract RNA, determine its concentration, and conduct real-time 
NASBA (nucleic acid sequence–based amplification).

207
 A hand-held 

thermal-regulating fluorometer for AMG has a simple reaction 
chamber made of black acrylonitrile butadiene styrene (ABS), with 
fluorescence detection optics

208
 and portable pumping devices. 

RNA templates can be prepared in the analyzer, and real-time 
NASBA, which targets marine dinoflagellate can be autonomously 
performed.

207
  

MBARI (Monterey Bay Aquarium Research Institute, USA) 
developed and deployed a family of autonomous in situ genetic 
analyzers, or genosensors, ESP (environmental sample processor).

37, 

39, 43
 ESPs can collect samples and concentrate them onto a filter 

unit called a “Puck.” DNA or RNA is extracted from the sample 
particles. Then sandwich hybridization assays (SHA)

209
 detect the 

sequences using nucleic acid fragments blotted onto the 
membrane.

37
 ESPs with SHA capabilities have detected toxic algal 

blooms during deployments for practical missions.
39, 40

 Pioneering 
attempts have also been made to use ESPs for direct in situ 
detection of HAB-produced toxin, domoic acid, using competitive 
ELISA and simultaneous detection of HAB algae by SHA.

41
  

More recently, an MFD for real-time PCR has been integrated 
into an ESP to improve the sensitivity. Figure 9 shows the 
microfluidic block for PCR integrated into an ESP,

42
 which consists of 

a perfluoropropylene-co-tetrafluoroethylene (FEP) tube with a 
temperature control mechanism composed of an etched silicon 
resistive heater and optics with LEDs and solid-state detectors.

210
 

Real-time PCR can be performed in an air-segmented droplet at the 

center of the heated zone by the silicon resistive heater.
210

 This 

simple MFD can conduct quantitative PCR analysis of DNA extracted 
from samples autonomously collected and concentrated by an ESP. 
Measurements can be performed repeatedly and serially without 

cross-contamination. An ESP with PCR capabilities was deployed in 

the field to monitor the blooms and declines of marine 

bacterioplankton at a high resolution on time scales of years to 
months.

211
 The drifting version of an ESP with LoC qPCR capability 

measured the variation of marine microbiota with a much higher 
temporal resolution by in situ detection of nitrogen-fixation–
associated genes every 16 hours for 10 days.

212
 Moreover, social 

implementation of ESP technology is being attempted by applying it 
to the early detection of fecal indicator bacteria (FIBs) and red tide–
causing algae, which have a significant industrial and social 
impact.

213
  

LoC technologies have utilized an all-in-one MFD to realize 
much smaller in situ genetic analyzer. A flow-through PCR MFD 
consisting of PDMS and glass

214
 was updated by integrating the 

functions for chemical lysis of biological cells, solid-phase extraction 
and concentration of DNA using glass beads, and optical detection 
of amplified PCR products.

46
 The glass substrate has six pairs of 

patterned platinum film heaters and RTDs to form a segmented 
temperature distribution for flow-through PCR. For in situ 
deployment, the MFD is connected to a pumping device, which 
consists of miniature plunger pumps, solenoid valves, and reagent 
reservoirs. For deep-sea operations, the entire analysis element is 
enclosed in a pressure balanced (oil-immersed) container to 
complete the integrated in situ analyzer for genetic exploration 
(IISA-Gene). By mounting IISA-Gene on an ROV, we demonstrated 
that IISA-Gene can amplify the microbial universal 16S rRNA gene 
and detect fluorescence by flow-through SYBR-Green PCR in the 
vicinity of a deep-sea hydrothermal vent in the Okinawa Trough, 
Japan.

46
  

 To overcome the current barriers in the not so distant future, 
more complex molecular biology analysis methods will be 
applicable to the underwater fields as higher-level automation of 
advanced fluid manipulation with latest LOC technologies. A 
promising technology is a combination of continuous generation 
and reproducible manipulation of water–oil droplets, and analysis 
methods based on such technologies, including droplet PCR.

215 
Massive parallel processing powered by microdroplet technology 
will realize real-time in situ processing of natural samples for 
spatiotemporally resolved elucidation of the ecosystem’s dynamism 
with unprecedented throughput. For example, a LoC analyzer for in 
situ measurements of nitrate and nitrite by continuous flow 
colorimetric analysis using microdroplet technology can conduct 
measurements in a river environment at a faster rate (0.1 Hz) than 
the non-droplet system.

216
 On the other hand, when targeting rare 

members of marine ecosystems or environmental DNA, which are 
rarely found in the environment for the analysis using LOC analyzers, 
samples larger than a liter may need to be concentrated. 
Consequently, appropriate combinations with macro fluidic systems 
such as those implemented on ESPs are needed. These are 
discussed in the section 4.  

 

8. Applications to in situ electrochemical 
measurements 
 

As described above, LoC technologies offer numerous 
advantages to realize compact in situ analyzers when utilized as a 
core element. In addition, the combination of LoC technologies and 
electrodes for advanced in situ electrochemical measurements hold 
promise. Today, various in situ electrode sensors have been 
combined with MFDs for environmental monitoring. In addition to 
conventional glass electrodes, semiconductor electrode devices 
such as ion-sensitive field-effect transistors (ISFETs) have been 
developed and utilized in the marine environment as novel tools for 
in situ chemical measurements and such devices have steadily 
progressed.

160-162
  

Fig. 9 Microfluidic block for ESP with the miniature PCR 
thermal cycler. Reprinted from C. M. Preston et al., 2011.

42
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Electrode-based sensors have a fundamental advantage over 
flow analyzers as they are naturally smaller. In addition, their 
response is significantly faster than that of flow analyzers. Due to 
these advantages, attempts have been made to realize 
multidimensional in situ chemical measurements with a high 
spatiotemporal resolution by mounting electrode-based sensors on 
mobile ocean observation platforms.

160, 217, 218 However, one 
drawback of electrode devices is drift, especially when continuous 
measurements are made over a long period. Drift is attributed to 
many factors such as dilution and degradation of the internal 
solution of the glass electrode, blockage of the liquid junction, 
changes in reference electrode characteristics over time, and 
biofouling.

219 In the case of electrodes in a deep-sea environment, 
there are additional factors such as pressure and temperature that 
largely differ from those in an atmospheric environment. Moreover, 
when electrodes are mounted on a moving underwater platform, 
the environmental parameters change repeatedly and rapidly, 
which should exacerbate drift problems. Nowadays, careful sensor 
operating guidelines have been proposed to reduce the drift itself 
or its impact on measurements.

219
  

Another way to solve the drift problem is to integrate the 
sensor with fluidic systems. For example, if the sensor is calibrated 
by periodically supplying standard solutions and the degree of 
sensor drift can be ascertained in situ, the sensor output or the 
measured data can be adjusted after the deployment to virtually 
compensate the effects of sensor drift. Continuous fluid flow supply 
is also effective against biofouling.

219
 To avoid sacrificing the 

portability of the electrode sensor, a miniature in situ calibration 
device has been proposed in which a PDMS MFD is integrated on a 
pH-ISFET chip and connected to a miniature pumping unit to 
provide two pH standards to the pH-ISFET in situ.

91
 The major 

feature of the MFD is minimizing the dead volume from the intake 
of the sample seawater to the ion-sensitive part of the pH-ISFET to 
maintains the fast response of electrode sensors. Instead of use of a 
solenoid valve for ceasing the flow of sample seawater during the 
calibration using standard solutions, a narrow channel was placed 
between the sample intake and the flow cell to increase the flow 
resistance. Although both seawater and the standard solution are 
supplied into the flow cell when one of the valves for the standard 
is opened, only the standard solution can flow-through the ion-
sensitive part of the pH-ISFET due to laminar flow formation. 
Although the effect of hydrostatic pressure and other factors on the 
pH values of standard solutions needs to be evaluated 
quantitatively, the possibility of providing precise fluid control for in 
situ calibrations of electrode sensors with occasional drift in deep-
sea environments has been demonstrated by this study.

91  
Applications of gas permeation using MFDs with thin films have 

also been reported. For example, an integrated electrode device 
with the MFD and a PDMS membrane measured dissolved inorganic 
carbon.

116, 117
 Specifically, micro electrodes measure the decrease in 

conductivity of the NaOH solution as a sensing solution due to an 
increased CO2 concentration, which is caused by gas diffusion 
through a thin PDMS film from the seawater stored in 
microchannels. To realize more sensitive in situ analysis of ammonia 
than colorimetric analysis, an in situ device combining a gas 
diffusion cell and electrodes for conductivity measurements has 
been proposed to separate and concentrate ammonia.

87 The gas 
diffusion cell has a simple structure with a thin Teflon tape 
sandwiched between polysulfone blocks with a serpentine 
microchannel pattern. 

  

9. Future perspectives 

LoC technologies will be critical in the development of next-
generation underwater observation systems, which require 
miniaturization while simultaneously operating at a low power 
consumption over a long period. LoC technologies along with 
advances in underwater observation platform technologies will 
support next-generation underwater observation systems. Further 
miniaturization of flow analyzers will allow LoC technologies to be 
mounted on smaller platforms such as Argo floats,

28, 29
 which have 

been deployed around the globe. By constructing a real-time 
measurement network with a higher spatiotemporal density in 
various aquatic environments such as rivers, lakes, and oceans, it 
will become possible to promote significant innovation toward 
elucidating the dynamism of the global environmental changes and 
visualizing the influence of human activities. Moreover, 
fundamental technologies, which are necessary to realize in situ LoC 
analyzers that can be operated in harsh marine environments, 
should be applicable to diverse fields, including water quality 
management or pathogen detection in public or industrial facilities, 
water supply and sewerage systems, and public facilities such as 
swimming pools.  

To date, efforts to explore extraterrestrial water environments 
mainly target Mars and a group of outer planet satellites.

220 Since 
the payloads of the landers and exploration robots used in these 
expeditions are extremely limited, the miniaturization of the 
onboard chemical and biochemical analyzers is essential. The major 
contributions of LoC technologies to planetary science are the 
realization of capillary electrophoresis and its sample 
preparation.

221-226
 Moreover, a variety of pioneering devices such as 

a miniaturized CTD sensor and particle sampler,
227

 cell counter,
228

 
life-marker detection device by immunoassay,

229
 and 

electrochemical sensing system with microfluidics
230

 have been 
proposed, developed, and evaluated towards pilot testing and 
mounting on exploration landers or robots operated in the 
extraterrestrial world. In the future, we will proceed to analyze not 
only the surface of planets and satellites, but also terrestrial fluids 
such as water and hydrocarbons that exist on the surface and 
underground.

227  
Microfluidics should also be integrated with in situ 

electrochemical sensors for conductivity and pH regulation towards 
life detection in extraterrestrial oceans.

231
 NASA Ames research 

center has developed a microfluidic Sample Processor for Life on Icy 
Worlds (SPLIce) for autonomous detection of signatures of life in an 
ocean world on icy satellites such as Europa (Fig. 10).

232
 SPLIce has 

multiple functions, including sample retrieval, dehydrated reagent 
storage and rehydration, physicochemical sensing (pressure, pH, 
and conductivity), particle filtration, sample preparation 

Fig. 10 Sample processor for life in icy worlds (SPLIce) has 
been developed and evaluated for extraterrestrial missions. 
Reprinted with permission from Chinn et al., 2017 

232
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(concentration adjustments and degassing), and precise pumping 
for these operations. Considering the high impact kinetic 
penetration to the underwater world from orbit, MFDs must survive 
the impact. For such extreme missions, hydraulic actuated 
microvalves and optical components for laser-induced fluorescence 
(LIF) analysis to detect organic compounds have been developed. 
They can survive under more than 12,000 g of acceleration.

233
 Well 

miniaturized analysis systems powered by LoC technologies can be 
mounted on underwater vehicles or ice penetrators for exploitation 
of the ocean world under the ice, providing precious knowledge 
about extraterrestrial environments. The in situ analyzers for such 
extreme missions must be sufficiently compact and at the same 
time fully automated with higher levels of redundancy and 
reliability. Current and future LoC technologies for underwater in 
situ analysis can be an essential milestone for establishing the 
fundamental technologies to withstand such severe demands for 
the expeditions at the frontier of life. 
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