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Integration and application of optical chemical
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The quantification of key variables such as oxygen, pH, carbon dioxide, glucose, and temperature provides
essential information for biological and biotechnological applications and their development. Microfluidic
devices offer an opportunity to accelerate research and development in these areas due to their small
scale, and the fine control over the microenvironment, provided that these key variables can be measured.
Optical sensors are well-suited for this task. They offer non-invasive and non-destructive monitoring of the
mentioned variables, and the establishment of time-course profiles without the need for sampling from the
microfluidic devices. They can also be implemented in larger systems, facilitating cross-scale comparison
of analytical data. This tutorial review presents an overview of the optical sensors and their technology, with
a view to support current and potential new users in microfluidics and biotechnology in the implementa-
tion of such sensors. It introduces the benefits and challenges of sensor integration, including, their appli-
cation for microbioreactors. Sensor formats, integration methods, device bonding options, and monitoring
options are explained. Luminescent sensors for oxygen, pH, carbon dioxide, glucose and temperature are
showcased. Areas where further development is needed are highlighted with the intent to guide future de-
velopment efforts towards analytes for which reliable, stable, or easily integrated detection methods are
not yet available.

1. Introduction
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Since their first inception in the 1980s when Liibbers et al.'
and Wolfbeis et al.> demonstrated the oxygen quenching of
various fluorescent dyes immobilized in silicone membranes,
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optical sensors have gained popularity due to their typically
low cost, compact size, and capability to monitor analytes in
a non-invasive fashion. Optical sensors for oxygen are widely
applied nowadays and feature in environmental monitoring,
bioprocess monitoring,® and in life sciences.’* Optical sen-
sors also played a crucial role in establishing new fields: on-
line and in situ detection of process variables from microliter
volumes was at the heart of the successful development of
miniaturized and micro(fluidic) bioreactors.”®

In the wake of the success of optical sensors for oxygen,
sensors for other analytes relevant for bioprocess monitoring
were researched and developed. Using other luminescence
principles, sensors to detect the pH, the concentration of glu-
cose and carbon dioxide, and temperature have now been
successfully realised. The sensors can be employed either as
single analyte detection units or as multi-parametric detec-
tion units. Even multiple parameters in one sensor are now
possible.” The quantification of key variables of biotechnolog-
ical processes is thus feasible with optical sensors alone. Fur-
thermore, not only have new analytes been added, there is
now also a range of novel dyes and sensor matrices, and with
it a host of sensor preparation and integration methods. The
interested user has thus nowadays a large set of options at
hand to tailor optical sensing to their application's needs.

Optical sensors are in many ways ideally suited for micro-
fluidic applications in biology and biotechnology. The small
footprint allows integration in small channels, and optical
sensing offers in situ, non-invasive and non-destructive moni-
toring which does not interfere with cell metabolism or cul-
ture environment. For oxygen sensors, and in contrast to
their electro-chemical counterparts,® oxygen optical sensors
do not consume oxygen. For carbon dioxide sensing, the
Severinghaus electrode® is difficult to adapt and integrate to
microfluidic feature sizes. With optical sensors, the detection
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unit does not have to be mechanically coupled with the de-
vice (as opposed to electrodes and their wires). This promotes
flexibility in the design and operation of a microfluidic de-
vice, which has made optical sensors a preferred choice for
many microfluidic devices.'**

In this tutorial review, we present an overview of optical
sensor-based monitoring options in microfluidic devices. We
explain the different sensor formats and fabrication tech-
niques, and discuss their advantages and disadvantages for
microfluidic device integration. The working principles of the
different detection methods are shown and discussed in the
context of applications. Specific examples of oxygen, pH, car-
bon dioxide, glucose and temperature monitoring are offered
to clarify the concepts. Furthermore, they showcase the suc-
cessful application of optical sensors in microfluidic devices,
thereby inspiring both the novice in the field as well as expe-
rienced users to find novel monitoring solutions for their ap-
plications. We also highlight areas where further improve-
ment and development are required to overcome existing
challenges and limitations both in analyte type and detection
capabilities. This tutorial review focusses on all the practical
aspects and common issues that arise during sensor integra-
tion and describes the, at times iterative, path towards
attaining a robust read-out of the sensor in the microfluidic
device, starting from choices in reactor material and sensor
matrices to considerations that should be made before and
during the integration and assembly of the system such as
bonding and detection methods (Fig. 1).

2. Optical sensor formats

The format of a sensor determines the final state in which it
is integrated into the microfluidic device. Ideally, sensors
should be small, inexpensive to produce, selective to a single
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Fig. 1 Flow diagram describing the path towards robust sensor integration in a microfluidic device. The choice of dye is dependent on the
expected analyte range, which can also affect the sensor material. Depending on the analyte of interest, different sensing schemes and formats
are available; different sensor formats enable integration with different geometries or device materials, which in turn influence the choice of
bonding and detection methods. The integration path is iterative. Required bonding methods, e.g. heat-assisted bonding, will exclude certain sens-
ing schemes and thus require an adaptation of the sensor integration. More specific points for each of the main aspects in the boxes of the flow

diagram are listed below the diagram.

analyte, have a short response time and user-friendly to the
extent that the sensor can be used without time-consuming
or complex calibration or setup.'” Other aspects are long-
term stability and limit of detection which are more applica-
tion dependent. Additionally, a sensor should be able to con-
tinuously monitor the analyte, in real time, and without
disrupting the reaction or the culture.

Monitoring can either happen online (which is often
synonymous with in-line and in situ for microfluidic de-
vices) or at-line. Online implies that the sensors: must be
integrated inside the microfluidic device; be in direct con-

tact with the liquid; their signal must be read out in real-
time; and in an automated manner (whereas in-line can en-
tail manual or discontinuous, non-automated readout). At-
line implies that measurements are taken outside of the
liquid stream (after which the sample can be returned into
the main stream if required). With online monitoring it is
possible to obtain continuous time-course data as opposed
to data at discrete time points (at-line) or at the end of a
process (off-line). The benefits of online monitoring com-
pared to at-line and offline analysis are summarized in
Table 1.

Table 1 Summary of advantages and disadvantages of the different monitoring modes in microfluidic systems

Summarized Advantages Disadvantages
On-line - Real time analysis possible - Possible interaction of sensors with
- Rapid feedback allows real time process control the flow or reactants
- No manual sampling required - Sensors need to be recalibrated and
- Measurement at real temperature replaced over time
- No sampling required - Increase of system complexity
- Less risk of contamination (fabrication, design, operation, maintenance)
- Production flow undisrupted by sampling or redirecting - Cross sensitivity with other analytes or interferences
can be difficult to quantify
- Limitation to a specific analytical problem and
a certain concentration range
At-line - Significant number of assays/analytical methods available - Changes in sample before analysis possible
- Can be cost-efficient - Analysis limited to on-site equipment
- Flow cells available - Certain sample volume necessary/consumed
- Feedback available quickly - Risk of contamination through sampling
Off-line - Versatile component analysis possible through - Slow feedback - Results not in real-time

instrumental analytical tools (LC/GC/MS)

- Variety of analytes can be monitored with one analytical method
- Availability of analytical methods with high selectivity and accuracy

This journal is © The Royal Society of Chemistry 2017

- Risk of contamination through sampling
- Sample degradation possible
- Analysis at the end of process line

Lab Chip, 2017, 17, 2693-2712 | 2695
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Concerning integration in microfluidic devices, it is im-
portant to ensure sufficient signal strength of the sensors,
transparency of the selected device materials for the required
wavelength range, a high immobilisation stability (if the sen-
sor is immobilised on a surface), no interference with the
sample, and preferably an easy way to calibrate the sensor af-
ter sensor integration. For biological and biotechnology ap-
plications, additionally, the integrated sensors need to be
biocompatible and non-toxic to cells and enzymes, and offer
ease of sterilization. It may not be possible to fulfil all attri-
butes with one sensor format. Therefore, when a sensor is
fabricated, the aim is to achieve as many of the desired char-
acteristics as possible and, ultimately, to create a sensor that
is suitable for the application. In the following sections, we
describe some of the most common sensor formats available
for microfluidic device integration.

a. Dissolved indicators

Dissolved indicator dyes are the most easily realized monitor-
ing option in terms of the complexity of integration. The dye
is dissolved in the reaction media and pumped into the reac-
tor together with the reagents providing an instantaneous re-
sponse (Fig. 2, a). However, this means that the indicator is
present in the product stream and requires an additional re-
covery steps to separate dye from the product. The possibility
of an interaction between indicator and reactants is critical
(i.e. influencing the response, inactivation or inhibition of an
enzyme or toxicity towards cells). The application of these
dyes can be difficult when compared to their use in a batch
system or a simple cuvette. This is due to the shorter optical
path lengths yielding insufficient signal for detection. How-
ever, the most straightforward way of increasing the concen-
tration of the indicator to achieve a necessary signal is often
not possible because many types of dyes form aggregates,
which leads to inhomogeneity and makes the readout

Water soluble probes
. H

Sensor layers

b) Sensor film Sensor spots c)
Sensor particles
- =
d) RO o ) e)
Micro or nano particles Magnetic particles

Fig. 2 Sensor formats in microfluidic reactors (gray): a) dissolved
indicator dye in the entire channel (red) b) sensor layer in the form of a
homogeneous film (red) c) sensor layer in the form of sensor spots d)
free sensor particles and e) magnetic sensor particles. The liquid phase
is represented in blue. Adapted from Sun et al. (2015).*
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unreliable. An example application where dissolved indicator
dyes offer an advantage over other formats is the quantifica-
tion of a spatial pH gradient lateral to the flow direction in-
side a channel.”® To achieve this, a completely homogeneous
distribution of the pH indicator dye was required, together
with an unchanged background for the entire measurement
time.'*'® Note that if the actual reaction mixture is more tur-
bid than the conditions with which the calibration was
established, inaccuracies in the readout will occur.

b. Sensor layers and spots

A sensor that remains stationary in the microfluidic device is
normally preferable for biological or biotechnology applica-
tions, as it removes the need to separate indicator dye out of
the sample stream, and minimises sensor-sample interaction.
To keep them stationary, the sensor dyes are usually embed-
ded in a polymer matrix, either through entrapment or cova-
lent bonding. The requirements for such a polymer are selec-
tive permeability towards the analyte and low or no
permeability to other components in the sample. The poly-
mer should obviously also not interact with the analyte. In
most cases, the indicator dye is embedded in a lipophilic or
hydrophilic host polymer, depending on the analyte, to allow
them to interact with the sample. To avoid leaching of the
sensor material, the dye is either covalently bound to the
polymer, or lypophilized by synthetic modification.

A popular format of stationary sensor integration is sensor
layers (Fig. 2 b and c). Sensor layers enable analyte detection
at different positions of the channel, or the imaging of a
larger area to visualize gradients in channel direction.
Methods of sensor layer integration include photo-
polymerization, screen-printing techniques, spray-coating,
spin-coating, or gluing of pre-coated sensor foils (these
methods will be explained in greater detail in section 3).
Spray-coating is performed directly on the surface of a chan-
nel wall, while spin coating involves the embedding of the
sensor dye into a polymer that is then spun into a thin film
on a rotating plate. The resulting film requires a further
structuring step to attain the desired sensor size, the cut out
sensor spot then needs to be attached in the microfluidic de-
vice. Both these processes happen typically before assembly
of the device. This means that the device bonding can affect
the properties of the sensor dye and the polymer it is embed-
ded in, which in turn can affect sensor performance. Effects
might include change of response characteristics, signal loss,
or even decomposition of the sensor material. The use of ad-
hesive tape or thermal bonding can lead to the deactivation
of sensor materials due to solvents in the adhesive tapes and
thermal degradation'” (bonding methods will be discussed in
more detail in section 4). To circumvent some of these issues,
sensor integration was demonstrated by physical absorption
of dyes or particles onto the surface of an already bonded de-
vice. Lasave et al.'® for example successfully demonstrated
the formation of a sensing layer through oxygen-sensitive
nanoparticle adsorption onto a powder-blasted glass surface.

This journal is © The Royal Society of Chemistry 2017
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Pfeiffer et al.'® achieved integration of oxygen and pH sensi-
tive fluorescent dyes in a mask-less photo-polymerization
process.

Sensor spots and foils are commercially available for
dissolved oxygen in the range of 0-100% air saturation as
well as for the detection of trace levels,”>*' for pH in the
range of pH 5.5-8 (ref. 21 and 22) and for carbon dioxide
in the range of 1-25% CO, at atmospheric pressure.*!
Commercial sensor spots are typically available in diame-
ters from 3 to 8 mm. This size is often impractical if the
sensors need to be integrated into a small channel.
Implementing a chamber of this size or larger to accom-
modate such a sensor spot can create dead zones and
undesired flow patterns, and trap air bubbles. The smaller
the sensor spot, the less challenging the integration. In-
deed for microbioreactors which have comparatively large
chambers, these sensor sizes may not be critical for inte-
gration.>?*** Spots can be glued into the channel, and
sometimes silicone grease suffices. For microfluidic cell
culture devices, certain (adherent) cell types have been ob-
served to overgrow the sensor spots, which negatively af-
fects the accuracy of the measurement.>**® Research into
cell-repelling coatings and polymers is being conducted,
but universal solutions to this problem have yet to be
found and published.

c. Sensor beads or particles

To avoid thermo-mechanical stress from heat-assisted bond-
ing or sensor degradation due to solvents in adhesive-based
bonding methods, it is best to introduce the sensors once the
microfluidic device is fully assembled. This can for example
be achieved using sensor nano- and microbeads or particles,
which can be flowed via the fluidic ports to the detection
area. This allows the use of thermally unstable sensor mate-
rials. The use of particles can yield in a higher signal for a
better readout because the polymeric material can accommo-
date a higher dye concentration without inducing self-
quenching effects (Fig. 2, d). Nanoparticles or micro- and
nanobeads can be introduced into the system after it has
been assembled and/or sterilized, provided the beads/parti-
cles are sterilized before their introduction into the system as
well, if a sterile environment is necessary. Particles need to
form stable dispersions in sample or culture media, and
must not exhibit any interaction with cells. Micro-size parti-
cles are commercially available for oxygen detection.>**® To
achieve a sufficiently strong read-out signal, a larger number
of particles need to be held in place. Optical tweezers®>” or
pillar-like structures within the channel have been used to
trap the beads and keep them from being washed out by the
fluid flow. As a further advantage of this approach, particles
can be recovered after use.

Magnetic optical sensor particles (MOSePs), initially pro-
posed by Mistlberger et al., 2008,>® held in place with a com-
mercially available magnet, have shown promising results in
terms of in situ sensor spot generation inside an already

This journal is © The Royal Society of Chemistry 2017
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bonded channel.”® This enables the user to reposition the
sensor particles and achieve flexible readout in the channel.

3. Deposition techniques for sensor
layers

Stationary sensor layers minimise the risk of interference
with sample, i.e. with cell metabolism and culture or lumi-
nescence quenching of dissolved substances as discussed in
section 2.2. The fabrication method of the sensor layer, how-
ever, strongly influences signal strength, morphology of the
resulting sensor layer, and stability of the sensor. Depending
on the material with which the microfluidic device is fabri-
cated, additional surface treatment may be required to sup-
port and to provide sufficient adhesion of the sensor material
for flow-based applications. In this section, we discuss depo-
sition techniques to create such sensing layers for micro-
fluidic devices.

a. Direct staining of device material

The material from which the device is fabricated, or parts
thereof, can be directly doped with a sensing dye. This is
relatively straightforward if, during device fabrication, the
material is created by mixing together different compo-
nents, such as in the case of the uncured
poly(dimethylsiloxane) (PDMS) base and curing agents. Cur-
ing the PDMS with the mixed-in dye transforms part of
the microfluidic device itself into a sensor. Challenges to
consider for this method are the readout and the perme-
ability of the polymer which functions as the sensor ma-
trix. This method has found use in oxygen®* and
temperature®* sensing. For these applications, dyed
membranes were inserted in the reactor, meaning only
parts of the reactor were doped.

b. Spin- and knife-coating

Spin coating is an established technique in many industrial
processes, e.g. semiconductors. Spin coating can produce
homogenous layers on flat surfaces over a large area with a
layer thickness down to a few hundred nanometres for opti-
cal sensor polymers.***> The sensor formulation is applied to
a smooth surface and spun in order to spread the fluid evenly
using rotational force. Grist et al>*® used this technique to
create a sensor film which they then structured using laser
ablation (see Fig. 3, B). A potential disadvantage of this
method is that a lot of material is wasted during the spin-
coating process. For knife coating, a matrix containing the
sensor dye is first dissolved in a solvent, and then spread
onto the surface using a ‘knife’. The knife is positioned such
that it produces a well-defined and small gap between the
surface and the knife, thereby creating an even film. Polymer
foils and glass slides are common carriers for knife coated
sensors. This method is simple, but like spin coating, it re-
quires a structuring post-process to obtain the desired sensor
dimensions. For example, spots of a certain size are usually

Lab Chip, 2017, 17, 2693-2712 | 2697
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air bubble

~ Laser cut regions

Glass substrate

Sensor Ring

Fig. 3 A - Commercially available optical oxygen sensor spot in microbioreactor (MBR) used for fermentation. Reproduced from ref. 23 with
permission from John Wiley and Sons. B - (Top) Phosphorescence intensity images of patterned sensor films, showing arrays of 50 um squares,
circles, and triangles on a pitch of 75 mm (except the lower array of squares and inset, on a pitch of 65 mm). An intensity cross-section of the array
of squares is also presented. The peaks at pattern edges are likely due to redeposition during the laser ablation. (Bottom) Bright-field image of one
of the squares in the patterned array, as well as a diagram indicating the different regions (sensor film, laser ablation line showing the residue
remaining after laser cutting, and glass substrate) within it. Reproduced from ref. 36 with permission from the Royal Society of Chemistry. C - Rep-
resentative false-colored fluorescence images of inkjet-printed pH sensor microstructures in Britton-Robinson buffers (BRB) pH 10 with blue light
excitation: (left) pH sensor rows and (right) pH sensor array (probes covalently bound to poly-hydroxyethyl-methacrylate (P HEMA) on glass)
reproduced from ref. 45 with permission from the American Chemical Society. D - Sensing lines or spots ranging from 1000 um to 100 um in
width or diameter and microscopic bright-field images of a 100 pm sensor spot integrated into a 1 mm wide sensing area and of a 150 um wide
sensor line. Lines and spots were prepared by airbrush spraying in combination with stencils. Microscopic bright-field images were taken with a
monochromatic camera (spot) or a color camera (line) reproduced from ref. 43 under the terms of the Creative Commons Attribution License. E -
Pictures of a polymer substrate with six organic photodiodes (OPDs) and screen-printed fluorescence sensor spots reproduced from ref. 38 with
permission from SPIE. F - Microfabrication results showing an optical microscope image of a 3 x 3 array of single-cell self-assembly traps encircled
by an oxygen sensor embedded in SU8 rings with an insert of a magnified image of a trap and sensor ring reproduced from ref. 46 with permission
from IOP Publishing.

chemical sensors onto their carrier substrate. With appropri-
ate mesh and ink composition, feature sizes as small as 100
um can be achieved.’” The disadvantage is that a lot of sen-
sor material is wasted during the screen-printing, which can
be a limitation for an expensive sensor matrix. Also, the de-

cut out of the knife-coated foil and glued to a layer of the
microfluidic device.**

c. Screen-printing

In screen printing, the sensor cocktail (the matrix with the
dye) is applied to the device through a specially prepared
mesh which defines the size and shape of the sensor. The
mesh is coated with a blocking stencil that is impermeable
for the sensor cocktail. A squeegee blade then forces the
cocktail through the apertures of the mesh and onto the de-
vice layer. This method is often used for applying electro-

2698 | Lab Chip, 2017, 17, 2693-2712

position technique requires a planar surface, making the
method unsuitable for application inside grooves. Thus
microfluidic channels need to be formed in a separate layer,
and then aligned and bonded to the screen-printed surface.
This deposition technique has been demonstrated for optical
sensors for oxygen, pH, and carbon dioxide by Mayr et al.
(2012)*® (Fig. 3, E).

This journal is © The Royal Society of Chemistry 2017
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d. Photo-polymerization

This method is useful for producing very small sensors
with high dimensional accuracy. A photomask exposes
only the desired area of a sensing dye-containing photore-
sist matrix with UV light. The photoresist matrix, such as
poly(ethylene) glycol (PEG) hardens during the curing pro-
cess creating the stationary sensor spot.>**° Alternatively,
moulds with the desired sensor dimensions can be fabri-
cated in polymers such as PDMS, which are then filled
with the dye-doped photoresist. The mould polymer is re-
moved after curing, leaving only the photoresist behind.
Zhu et al demonstrated a sensor patterning method
which used photolithography to produce sensor layers in
arbitrary shapes and sizes with high precision.’® Related
to photopolymerization, Nock et al*' demonstrated the
use of photoresists for the production of a PDMS stamp
for the integration of sensor layers. This method could
also be referred to as micro contact-printing. Etzkorn
et al*® used this method to create sensor rings wherein
epithelial cells were trapped and their oxygen consump-
tion monitored (see Fig. 3, F).

e. Spray-coating

In spray coating, the sensor cocktail (dyes and matrix poly-
mer) are dissolved in a solvent that is suitable for the
spraying process and also compatible with the device mate-
rial. The technique enables homogenous coating of larger
areas as well as the patterning of small areas through a sten-
cil or mask. The smallest area reported for this technique is
2 mm x 2 mm (ref. 43) (Fig. 3, D). Layers can be structured
down to a size of 100 micrometres combination with

stencils.****

f. Microdispensing and inkjet printing

Best known for their use in the printing industry, micro-
dispensing or inkjet systems deposit droplets of an ink
by thermal, piezoelectric, acoustic, electrostatic, electro-
hydrodynamic actuation, or by using valves.”” Micro-
dispensing, in which a piezo-electrically guided tappet
propels a droplet from a reservoir through a nozzle, is
well suited for viscous sensing matrices or sensor mate-
rial containing particles. Recently, this method has found
application for the integration of pH sensors."”*>*® Other
methods of droplet generation may be equally suitable for
sensor integration and have in fact been used for the
production of biosensors.”” The thickness of the sensor
layer can be varied by repeated dispensing onto the same
area, or by adjusting the viscosity of the sensor matrix.
Small dispensing nozzles are used to achieve a very fine
deposition that can either be a continuous stream of
droplets or discrete droplets. These techniques are well
suited for printing sensors directly into microfluidic
channels.

This journal is © The Royal Society of Chemistry 2017
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4. Sensor integration and microfluidic
device sealing

Choosing the most suitable sensor deposition technique de-
pends significantly on the material with which the micro-
fluidic device was fabricated and how the device will be
bonded and sealed. Exposure to elevated temperatures, or-
ganic solvents and even prolonged light exposure, particularly
UV light, can all affect the sensor dyes and matrices, and they
need to be considered when assembling the device. In the
following section, we briefly discuss different device sealing
and bonding methods and their potential impact on sensor
performance.

a. Clamping

When clamping devices, the layers of the microfluidic device
are connected only by the mechanical pressure exerted by the
clamping structure.**>> Whilst achieving a leak-free system
can be challenging, usually requiring a clamping system cus-
tomized to the device design, the obvious benefit is that ac-
cess to the channels and structures inside the microfluidic
device is possible at any time.* This facilitates not only the
deposition, but also subsequent addition or replacement of

Clamping systems are also commercially
53,54

Sensors.
available.

b. Heat-assisted bonding methods

Thermo-compression bonding is a direct bonding method,
which is typically suited to bond identical polymer or glass
substrates®® and which creates irreversible bonds. The sub-
strates are mechanically pressed together and heated to a
high enough temperature (above the glass transition temper-
ature for polymers) to effect the bonding. Sensor dyes and
matrices, however, typically operate within a confined tem-
perature range, and are prone to degradation at most bond-
ing temperatures. Some commercially available oxygen sensor
dyes are capable of withstanding temperatures suitable for
bonding PMMA and autoclavation (120 degrees Celsius),”**"
although their sensitivity might change through the process
and re-calibration might be necessary after bonding or sterili-
zation. Temperature stability has also been shown for sensors
of other analyte; Gruber et al.'” bonded a PMMA reactor at
110 °C for over 45 minutes with pH sensors integrated in the
reactor. After thermal bonding the sensors still showed excel-
lent pH sensitivity.

Anodic bonding, also referred to as field-assisted bonding,
is usually used to bond glass to silicon. During this method,
the glass, which has to be a borosilicate glass with a high
content of alkali ions, is exposed to an electric field, causing
the surface of the glass to bond with the surface of the silicon
wafer. This usually happens at high temperatures >300 °C,
but has been shown to work at temperatures as low as 180 °C
by Ehgartner et al.** which is more likely to leave sensing ma-
terial in a functional state. With the current state of the art
in sensor dye and matrix development, anodic bonding will
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have to be effective at even lower temperatures to allow sen-
sor integration.

c. Plasma bonding

In plasma-assisted bonding methods, the cold plasma acti-
vates the surface of the substrate, which can create an irre-
versible bond when two substrates are brought into intimate
contact with each other. This allows the bonding of two sub-
strates of different materials at low temperatures, such as
PDMS to glass.>® Though a low temperature process, the
plasma itself can affect the sensor composition. Nock et al.**
used plasma bonding to integrate a sensor dye stained PDMS
layer into their reactor, in this case the plasma was used on
the reactor material to make the PDMS sensor material stick
to the bottom of the reactor. Lee et al. used PDMS curing
both for the production of their sensors as well as for sealing
the channels with a glass lid."?

d. Adhesive bonding

In adhesive bonding, an intermediate layer is applied be-
tween the two to-be bonded materials; this can be a photore-
sist, a sputtered glass or different polymers.”> Often, UV-
curable glue is used to connect microfluidic device layers to
each other. Glue has the advantage of being liquid and easy
to handle, and to harden when exposed to UV light, thereby
bonding the substrates.”” For many sensor dyes the constant
excitation caused by prolonged exposure to UV light can lead
to bleaching.

e. Solvent-assisted bonding

For devices fabricated out of thermoplastic polymers, low
temperature bonding can be achieved by softening the poly-
mer surfaces with an organic solvent prior to thermo-
compression bonding. This can reduce the bonding tempera-
ture well below the glass transition temperature and is often
used for bonding microfluidic devices. In the future this tech-
nique could be developed into a method favourable for sen-
sors with low heat resistance. However, to date, examples of
solvent-assisted bonded devices with optical sensors have not
been reported. A possible drawback of this method is that
solvent fumes can get to the sensor material and affect their
integrity. Minor splashes or fumes also soften or reflux poly-
mers which can deform and clog channels.’®

5. Luminescence detection principles

Optical sensors have gained popularity for monitoring since
they allow online and non-destructive measurements in
microfluidic devices. Also, in most cases, the cut-off wave-
lengths of the polymers are beyond the wavelength ranges of
the sensor. Many of these sensors are based on photo-
luminescence or absorption. Photoluminescence is a term
encompassing phenomena of fluorescence, phosphorescence
and delayed fluorescence. Optical sensors based on photo-
luminescence are typically selective to the analyte and highly
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sensitive, since emission spectra are specific to the dyes used
in the sensor, making interference with the reagents and
samples in the microfluidic device unlikely.”® Depending on
the measurement principle and sensor format, various read-
out methods can be considered. Among them are fluores-
cence microscopy, optical fibers, and integrated read-out
techniques consisting of a light source and a detector in
close vicinity to the sensor. For these, the detectors can be on
the same side as the light source or opposite. A further
method is the determination of absorption using a spectro-
photometer. The most common readout principles will be
briefly introduced in this section; Fig. 4 can be consulted as
a visual aid in understanding the principles.

a. Detection of intensity

Detection of luminescence intensity is straightforward
since it requires simple instrumentation. Standard fluores-
cence microscopy set-ups can for example be used. How-
ever, luminescence intensity measurements are sensitive to
variations in the illumination pathway, including the light
source itself, interfering ambient light, and variations in
the detectors. The quantification of the analyte can also
be affected by variation of the concentration of the dyes
in the matrix, photo-bleaching, and light scattering. There-
fore, lifetime measurement and ratiometric methods are
typically preferred.

b. Single-photon counting

Single photon counting or time-correlated single photon
counting (TCSPC) determines the lifetime of an excited
state in the time domain. Individual photons are counted
using a photodetector after excitation of the dye with a
short laser pulse. The time measured between the excita-
tion and the detected photon is stored in a histogram
representing the decay curve. The lifetime is obtained by
an exponential fitting function (Fig. 4, a). The method en-
ables accurate measurements for short decays in the nano-
seconds range. This would be suitable for measurements
with pH-indicator dyes but requires expensive and complex
instrumentation. Online monitoring with this technique is
also limited by a relatively long acquisition time. So far this
principle has been shown by Bennet et al®® who used it
for temperature measurement in a microfluidic microscopic
imaging setup.

c. Time-gated fluorescence

This is another method where the lifetime is determined
in the time domain. Again, a luminophore is excited by a
pulse, after which the emission phase is recorded in two
or more successive ‘time-gates’, meaning the luminescence
decay is monitored in set time intervals. The images
obtained during these time-gated periods are used to de-
termine the luminescence lifetime via the ratio of the
intensities measured in the time gates.®’ A variety fre-
quently employed for lifetime imaging is ‘rapid lifetime

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Schematic representation of measurement methods applied via optical sensing (intensity measurements not shown). (a) Luminescence
lifetime determination by time-correlated single photon counting (TCSPC). (b) Lifetime determination by gated detection: rapid lifetime determina-
tion shown. (c) Lifetime determination by phase modulation. (d) Dual wavelength ratioing. Reproduced from ref. 66 with permission from Elsevier.

is excited and the
29,62,63

determination’” where the sample
luminescence intensity is recorded in two time gates
(Fig. 4, b). Ruthenium tris-2,2-dipyridyl dichloride hexahy-
drate (RTDP) has been used as an oxygen sensitive dye
for fluorescence life-time based imaging in a PDMS chip
for cell culturing.'***

d. Phase modulation

In this method, the lifetime is determined in the frequency
domain. The luminophores are excited with an amplitude-
modulated light source, for example a sinusoidally modu-
lated light. The resulting emission follows the modulation
with a certain time delay, which depends on the lifetime of
the luminophore. This delay can be measured as a phase
shift by a lock-in amplifier and used to calculate the lifetime
(Fig. 4, c¢).**** Instrumentation is inexpensive for lifetimes
>1 ps and is miniaturized to the size of a memory stick as
used by Ehgartner et al.** Phase shift measurements show lit-

This journal is © The Royal Society of Chemistry 2017

tle cross-sensitivity to ambient light and are applied for sin-
gle point oxygen measurements in microfluidic devices.>*"*?

Dual lifetime referencing DLR enables referenced signals
for analyte-sensitive fluorophores with decay times in the
nanosecond range (most pH-indicators) with fiber optic in-
strumentation. A reference dye with overlapping absorption
spectra and lifetime in the micro-second range is added to
the sensor layer.®® This method is frequently used for pH
sensing.'”>%48

e. Two wavelength ratioing

This method relies on two bands in the emission spectra
detected at one emission wavelength. An inert reference dye
is added, if the sensor dyes do not show two bands in the
emission spectra that can be separated. The ratio of the two
emission signals is related to the analyte concentration. The
challenge for miniaturisation is to achieve sufficient signal
from emission bands as well as implementing a suitable
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readout setup. Color CCD cameras have been shown to be
suitable for this task.**

6. Measurement systems and
applications

To showcase the broad applicability of the sensors, this sec-
tion discusses successful systems that have been presented
over the past few years with a focus on particular analytes,
namely oxygen, pH, carbon dioxide, glucose, and tempera-
ture. Another vital process variable is the optical density
(OD). The OD can be determined via absorption®” measure-
ments, but does not require the integration of a sensing ma-
terial and will therefore not be discussed here.
Multiparametric sensor configurations are discussed at the
end in a separate sub-section.

a. Oxygen

Optical oxygen monitoring is by far the most successfully
implemented analytical parameter of online monitoring in
microfluidic systems; firstly, because oxygen is one of the
most important parameters in applications ranging from cell
culture monitoring to fermentation or biocatalysis and, sec-
ondly, because of its simple sensing principle. In addition,
optical oxygen sensing has become an established technique
in process monitoring. Complete detection systems, includ-
ing read-out boxes, probes, patches and micro sensors are
commercially available and can be used in microfluidic de-
vices and microbioreactors.>*!

Optical oxygen sensors are comprised of a phosphorescent
indicator dye immobilised in a lipophilic host polymer. The
sensing principle is based on the quenching of the phospho-
rescence of the dye by molecular oxygen. The decrease of the
luminescence intensity () in lifetime (7) is a result of energy
transfer from the energetically excited dye to the oxygen,
which is transferred into its excited singlet state (S,), while
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the excited oxygen indicator returns to its ground state (T)
by radiation-free deactivation. The generation of singlet oxy-
gen can be critical in small scales since it can lead to oxida-
tion of sensor matrix components which can lead to oxygen
consumption and affect the oxygen concentration in the
microchannel.?® The sensitivity of the oxygen sensor is
influenced by the phosphorescence lifetime of the indicator
and the oxygen permeability of the host polymer. This en-
ables a tuning of the sensitivity of the oxygen sensor, e.g. an-
oxic conditions or ambient dissolved oxygen concentration. It
is especially important to choose a sensor matrix that does
not store the analyte in question i.e. oxygen or carbon dioxide
for trace oxygen sensors. The most commonly used dyes and
host polymers are summarized in Table 2. In most cases, the
oxygen concentration is monitored via the decay of phospho-
rescence intensity or lifetime. A typical plot of the lifetime vs.
oxygen partial pressure is shown in Fig. 4b. A linearization
method for the oxygen quenching is the Stern-Volmer plot,
in which the oxygen content of a system is plotted against
the luminescence intensity, I, over the luminescence intensity
in the absence of oxygen, I,,, or the luminescence decay time,
7, over the luminescence decay time in the absence of oxygen,

To-

7, _1,

7=7=1+KS,, (0] (1)

where Kgy is the Stern-Volmer constant which consists of the
molecular quenching rate constant multiplied by the excited
state lifetime in the absence of the quencher Q. It is impor-
tant to be aware of the fact that these parameters change un-
der the influence of temperature and that the optical oxygen
sensor measures partial pressure. Oxygen concentration is
then obtained by Henry's law.

Oxygen sensors are of particular interest in oxygen-
dependent processes, such as fermentations, whole cell syn-
theses or stem cell culture. Most oxygen sensors are suitable

Table 2 Advantages and disadvantages of the three most commonly employed sensor formats in regards to integration and practical application

Sensor

format Advantages

Disadvantages

Dissolved indicator
dye - Spatial analyte imaging possible

(but requires a suitable detection system)
- Universally applicable, largely
independent of chip design

- Application after device bonding

- Readout anywhere in device

- Stationary

- Easy to use once integrated

- No separation steps necessary

- Interference with sample unlikely

- Ease of use once developed

- Application after device bonding

- Flexibility in chip design and production
- Readout anywhere in device

- Less interference with sample compared
to dissolved indicators

Layers or spots

Beads or particles

2702 | Lab Chip, 2017, 17, 2693-2712

- Easy to implement for simple measurements - Indicators have to be added and removed from sample

- Homogeneous dispersion of dye required for accurate readout
- High concentrations necessary for signal strength

- Potential interference with sample

- Can be difficult to integrate

- Particles have to be added and removed from sample

- Homogeneous dispersion of particles required

for accurate readout

- Poor stability of the suspension of particles can lead to inhomogeneity

This journal is © The Royal Society of Chemistry 2017
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for autoclaving and therefore reusable, which means that
microfluidic devices can also be re-used as long the material
they are made of is autoclavable too (Table 3).

A comprehensive review by Wang et al® further
summarised optical methods for sensing and imaging oxy-
gen, focusing on materials, spectroscopic methods, and ap-
plications at a larger scale. Many papers have described the
use of oxygen sensors in lab-on-a-chip or lab-on-a-disk tech-
nology, showing a variety of different dyes and polymeric ma-
trices being used for this purpose. In 2013, Jin et al®®
presented a platinum porphyrin-based, NIR luminescent co-
polymer for the measurement of dissolved oxygen in micro-
bioreactors, these were covalently bonded to the polymer.
Sensor materials, with absorption/emission profiles in the
red or near-infrared, are beneficial because this will reduce
scattering and background signal due to the low absorption
and auto-fluorescence of biomolecules in the NIR spectral
region.

Oxygen sensors have also been applied to the monitoring
of stem cells in a microfluidic cell culture device. Super
et al.”* used commercially available sensors to quantify in
real time and non-invasively the specific oxygen uptake rates
of CHO and embryonic stem cells over several days of cul-
ture. Grist et al.®® designed a microfluidic reactor suitable for
the control of oxygen levels in a chamber with the intent of
using the reactor as a tool to study hypoxia in cells. A plati-
num porphyrin dye in polystyrene was spin coated onto a
glass slide. The desired shape of the channel was cut out of
the spin coated layer using laser ablation; the resulting sen-
sor patch was then integrated into the microfluidic device.
Ehgartner et al.** showed the possibility of a time-course pro-
file for oxygen sensors along the meandering channel of a
microfluidic device by monitoring multiple sensor spots si-
multaneously (see Fig. 5) and (6).

A microfluidic perfused 3D human liver model was intro-

duced by Rennert et al.** This functional liver organoid was
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comprised of all major liver cell types. With the aid of spray-
coated optical oxygen sensors spots it was possible to mea-
sure the respiration of the organoid. The device and sensors
can be seen in Fig. 7.

Molter et al.®* demonstrated the capability of monitoring
a single cell in a microarray using fixed luminescent oxygen
sensors at the side of the microarray wall. Etzkorn et al.*®
showed the use of SU8, a photo-patternable resin, as a sensor
matrix and also for the use of trapping single cells for this
monitoring of their oxygen consumption rate. Oomen et al.”’
published a tutorial review for the implementation of oxygen
control in microfluidic cell and tissue cultures that discusses
the challenges for these applications in great detail.

2D oxygen imaging has been used frequently*"*>** and is
an established method nowadays, whereas the imaging of
other analytes is still a challenge. For the process the micro-
scope is used to measure the light intensity emitted by the
dye. The sensor can be photopatterned,*’ spray-coated, or
knife-coated.*® A reference signal is necessary in order to
achieve reliable imaging, since the distribution of light and
dye cannot be considered to be homogeneous.

Ungerbock et al. have shown the possibility of low cost op-
eration using RGB cameras®® to measure a knife-coated sens-
ing film. A review by Sun et al (2015)"" summarizes the ad-
vances in oxygen imaging development for microfluidic
devices very nicely and could be consulted for further details
on oxygen imaging. Nanoparticles and dissolved indicator
dye are particularly useful for monitoring parameters in
aqueous droplets suspended in an organic phase, since sen-
sor layers cannot be applied in a system like that. Cao et al.”*
demonstrated the use of oxygen-sensitive nanoparticles for
the monitoring of bacterial growth in a microfluidic droplet-
based system capturing oxygen changes during metabolic ac-
tivity. Bavli et al”> have shown the advantages of oxygen
microbead sensors in a liver-on-a-chip system where they
were used to measure oxygen uptake under static conditions.

150
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Fig. 5 A - Schematic depiction of the oxygen sensor scheme. Luminophore is excited and emits (red arrow) from the triplet state (T,). The
emission is quenched by a collision with molecular oxygen, which is transferred to the singlet state (S;) and deactivated by the emission of IR
radiation (black).’°® B - Stern-Volmer calibration curves (left Y-axis) and luminescent lifetimes (right Y-axis) for integrated oxygen sensor layers in
at 20 °C, 30 °C, and 37 °C reproduced from ref. 43 under the terms of the Creative Commons Attribution License.
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Fig. 6 A - Sensor chambers fully covered by oxygen sensors in microreactor, the monitored chambers are indicated via red circles. B - Oxidation
of p-alanine by p-amino acid oxidase at a flow rate of 0.6 uL s™, monitored in the four positions. C - MBR in holder with optical fibers attached to
read-out the integrated sensors. Reproduced from ref. 43 under the terms of the Creative Commons Attribution License.
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the outlets (2, 4) of the upper and lower channel systems, respectively.
Reproduced from ref. 44 with permission from Elsevier.
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Thomas et al. (2009)>° were able to use a thin film sensor for
oxygen imaging for in vitro mammalian cell culture for over
60 hours.

Recently, Horka et al.”” showed that the lifetime of phos-
phorescent nanoparticles could be used accurately to deter-
mine the oxygen concentration in microdroplets to monitor
the metabolism of bacterial cells. For this purpose, a phos-
phorescent indicator dye was embedded in poly(styrene-block-
vinylpyrrolidone) nanobeads. The optical density was moni-
tored at the same time to monitor the growth of the microor-
ganism in the microdroplets.”* Abbyad et al.”> showed that
they were able to control the oxygen levels in water droplets
separated by a perfluorinated carrier oil from a partial pres-
sure of 1 kPa to ambient partial pressure of 21 kPa. With
fluorescence lifetime measurements of a ruthenium based
dye, they could monitor the oxygen content in the droplet to
verify the fast equilibrium between the inside of the droplets
and the carrier oil. Red blood cells were used for the purpose
of oxygen monitoring in this experiment.

Using the previously mentioned magnetic optical sensor
particles (MOSePs), Ungerbock et al. (2014)*° applied oxy-
gen sensitive particles produced via nano-precipitation and
Pt-benzoporphyrine or Ir-coumarine dyes to show that
these particles can be moved along the channel in sity,
thereby allowing the measurement of oxygen at any given
position in the channel once they have been trapped with
a magnet.

l. 73
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Fig. 8 A) Chemical structures of NIR emitting aza-BODIPY dyes. The protonated/deprotonated group is marked in red. Synthetic modification Ry,
Rz and Rs are used to tune the pKa value of the dyes. The lipophilic chain (Rs) is used to immobilise the dye in hydrogel polymer. B) Calibration
curves of dye 1-6, embedded in a hydrogelmatrix from emission spectra. (Adapted from Strobl et al. 2015) reproduced from ref. 81 under the terms
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Fig. 9 (A) Photograph of the microchip filled with crystal violet dye (for validation purposes). (B) Magnification of a section of the incubation
chamber with PDMS microlenses for light coupling, fibers were held in place by openings in the housing of the device. Reproduced from ref. 85
with permission from the Royal Society of Chemistry. (C) Photograph of the sensor array in the microfluidic side entry reactor (uSER) consisting of
the sensor spots to detect pH between pH 8.5 and 5, and the sensor spots for a pH between 6 and 3.5 in the top and bottom half of the reactor,
respectively. (D) Photograph of the pSER with the fibers for the pH sensor read-out held in the slots of the fiber holder plate. The slots
corresponded to the sensor positions 1 to 8 shown in the schematic representation of a reproduced from ref. 17 under the terms of the Creative

Commons Attribution License.

b. pH

Monitoring pH is as important as oxygen for many biotech-
nological processes. It is essential to the activity of enzymes,
the stability of substrates and products, as well as the chemi-
cal state of components in a reaction mixture. In optical sen-
sor technology, the pH is typically monitored by measuring
changes of the absorbance or fluorescence on protonation or
deprotonation of an indicator dye (see Fig. 8A). For the use in
sensor foils and layers the indicator is lypophilised and em-
bedded or covalently linked to a hydrophilic polymer. The

2706 | Lab Chip, 2017, 17, 2693-2712

acid base equilibrium of the indicator is typically limiting the
operating range to 3 pH units. Although this is sufficient for
most applications in biotechnology, a way to circumvent this
drawback is by using multiple pH indicators that exhibit the
same spectral properties but for different apparent pKa
values, as shown in Fig. 8. A mixture of these dyes
immobilised in one sensor spot enabled sensors to cover the
pH range from pH 2 to 9 though at the expense of a lower
sensitivity.®! Alternatively, each dye can be immobilised indi-
vidually in in several sensor spots to create an array of pH

This journal is © The Royal Society of Chemistry 2017
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sensors. The array then covers a broad pH-range whilst
retaining the high sensitivity of individual optical pH sensors
(Fig. 9)."%*

Typically, calibration curves can be described with a
Boltzmann-fit. A multi-point calibration of three or more
points is recommended for an accurate fit and to obtain good
results, and follows the equation:

AI_AZ
y= 21—+ 2
ot Tk 2)

where A, is the value for low fluorescence, A, is the value for
high fluorescence, x, is the point of inflection (pKa', apparent
pKa), and dx is the slope at the point of inflection. Table 2
summarizes pH sensitive dyes, which were implemented for
the monitoring of pH in microfluidic systems. These include
frequently used dyes 8-hydroxypyrene-1,3,6-trisulfonic acid
(HPTS), carboxyfluorescein derivatives and
seminaphthorhodafluors (SNARFs), which suffer from several
drawbacks. Fluorescein derivatives and SNARFS have only
moderate photostability, and the pKa value of HPTS is highly
dependent on the ionic strength of the solution.®” Recently,
the Klimant group published optical pH sensors based on
aza-BODIPY dyes (see Fig. 7) with remarkable photostability
and low dependence on ionic strength.®"*> Moreover this dye
class is excitable with red light and emits in the NIR spectral
regions, offering the advantages mentioned above. In addi-
tion to a suitable pH range, photostability, cross-sensitivity to
ionic strength, excitation and emission wavelengths, the
choice of a dye also depends on the host polymer. Covalently
binding dyes, as well as physically entrapping them in a poly-
mer matrix can lead to a shift in the pH range of the dye. It
is important to note that hydrophilic matrix polymers do not
withstand sterilisation procedures such as autoclaving.

The number of publications on pH with integrated pH
measurements is smaller compared to oxygen. Jezierski
et al.® introduced a fluorescent pH sensors system for online
monitoring of a free-flow electrophoresis chip. The sensors
were integrated to observe the pH gradient in the so-called
microfluidic free-flow isoelectric focusing system in real time.
This system allows for monitoring throughout the entire pro-
cess without the addition of markers to the sample. Recently,
Gruber et al.'’ presented a microfluidic side-entry reactor
with an array of optical DLR-based sensors at several posi-
tions in the chip which allows for the continuous online
monitoring of enzymatic reactions and their progression. Ad-
ditionally, they were able to use the pH sensor feedback to
counteract the pH drop caused by acidic products and keep
the pH in the reactor within the operating parameters of the
enzyme. The possibility of pH and dissolved oxygen measure-
ment within cell culture media was shown by Lee et al.,"
however this was what we might consider to be an at-line
measurement, since some of the sensors weren't integrated
directly in the microfluidic device but rather in a separate
measurement cell.

This journal is © The Royal Society of Chemistry 2017
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Funfak et al.”” successfully showed optical pH sensing
with a flow-through fluorimeter using HPTS dye-doped poly-
mer particles to monitor the pH during cell cultivation in a
droplet-based flow system. Klauke et al.>’ used optical twee-
zers to maintain particles in position after they have been in-
troduced into the system.

In their 2008 paper, Brigo et al.”” presented 300-400 pm
TentaGel resin beads with immobilized covalently bound pH
sensitive azo-dyes. These beads, which consist of polyethylene
glycol attached to cross-linked polystyrene, were used in a
PDMS on glass chip; the measurement of the pH was possi-
ble via a micro-photometer consisting of a confocal micro-
scope, coupled to a diode-array spectrophotometer with an
optical fibre. The beads have a response time of several mi-
nutes, due to the slow diffusion within the resin beads.

A high throughput optical sensor array was developed for
the online monitoring of the pH of a cell culture by Wu et al.
in which the light transmission efficiency through various
thicknesses of PDMS layers was studied.®* Dissolved indica-
tors were also used by Mufioz-Berbel et al.®® in a PDMS chip,
featuring a monolithically integrated filter with size exclusion
microchannels for the monitoring of a cell culture OD (at var-
ious wavelengths) and pH by measuring the absorption of
phenol red in the system.

Del Ben et al.*® used Snarf-5F as a dissolved pH indicator
dye in compartmentalized single cell droplets on a micro-
fluidic platform to detect circulating tumour cells (CTCs)
through their metabolism, which causes the acidification of
the media in the droplet and the secretion of lactate. There-
fore two-wavelength ratioing of the Snarf-5F dye was utilized
to determine the lactate concentration indirectly.

In section 6.f more systems that incorporate online pH
monitoring are described, which also include the online
monitoring of other parameters and are therefore
highlighted.

l. 76

c. Carbon dioxide

Carbon dioxide is an important culture variable relevant for
all adherent cell cultures, and relevant to understand fermen-
tations or the progression of bio catalytic reactions.*® So far,
very few papers have reported successful systems for the
monitoring of this analyte at a microscale. The optical CO,
sensors that are probably most suitable for miniaturisation
function on the principle of a pH change within the sensor
when the sensor is in contact with CO,_This change in pH is
detected via the use of an indicator dye. These sensors are of-
ten referred to as dry concept or solid state sensors as de-
scribed by Mills, therefore also known as Mills' type
sensors.®”

A Mills' type sensor consists of a hydrophilic polymer ma-
trix, usually a hydrogel, and a quaternary ammonium base
(the most popular being tetraoctylammonium hydroxide),
which forms an ion pair with the pH-sensitive indicator dye.
The pH sensitive layer is covered a lipophilic protective layer
to prevent interference from protons and other ionic species.

Lab Chip, 2017, 17, 2693-2712 | 2707
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The sensors can only be used in humid or aqueous environ-
ments because water molecules are necessary for the pH sen-
sitive dye to function as an indirect indicator for the CO, con-
centration through the following bicarbonate equilibrium
equation:

CO, + H,0 + Q'Ind” = Q"HCO; + HInd (3)

where Q" and Ind are the quaternary ammonium ion and in-
dicator dye, respectively.

In an adaptation of the Mills' type carbon dioxide sensor,
Zilberman et al.®® used cresol red and pyranine in combina-
tion with the quaternary ammonium ion, tetra-
octylammonium hydroxide, to create a sensing matrix that
was poured into sensing wells for the monitoring of carbon
dioxide with ion exchange resin beads doped with the sens-
ing components.

The main difficulty in terms of integration and use of car-
bon dioxide sensors is their limited stability. Due to the frag-
ile equilibrium between the quaternary ammonium ion
which serves in a buffering capacity within this system, and
the influence of acidic chemicals from the aqueous phase the
long-term stability is limited for these systems. Steps towards
the improvement of this long-term stability have been made
recently at a larger scale by Fritzsche et al.,*® but have yet to
be adapted to a microfluidic scale. Calvo-Lopez et al.'®
presented a credit card-sized microsystem for the determina-
tion of carbon dioxide during wine and beer production, with
a linear range of 0.255 to 10 g L™" and a detection limit of 83
mg L. A gas diffusion module was used to transfer the car-
bon dioxide into a bromothymol blue pH sensitive acceptor
solution that was read out at 607 nm with a detection system
consisting of an LED and a photodiode integrated in a
printed circuit board. Sell et al.”’ managed to document the
diffusion of carbon dioxide in water and brine by using the
fluorescence quenching fluorescein. Liu et al.®® studied the
solubility of carbon dioxide in water and brine using confocal
Raman spectroscopy. For this purpose the relationship be-
tween carbon dioxide solubility and Raman band intensity
was fit with a third order polynomial function that depended
on the NaCl concentration in the brine. To make carbon di-
oxide viable, significant effort is required towards the im-
provement of existing options or investigation of new sensors
concepts as the options currently are still very limited.

d. Glucose

Glucose sensing has been researched for more than 30 years,
in particular for medical diagnostics. Electrochemical and op-
tical methods have been intensively investigated. However,
continuous glucose monitoring is still limited and monitor-
ing in large-scale bioreactors is performed at-line with vari-
ous systems.’® Overall, many more electrochemical detection
methods® are in use for glucose monitoring than optical
ones. Literature on microfluidic glucose monitoring in micro-
fluidic devices is sparse. A summary of potential routes of
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monitoring glucose optically was published by Steiner et al.®*
In their comprehensive review, Steiner et al. classify glucose
sensors in four categories according to the method of glucose
recognition: a) monitoring of optical properties of enzymes,
their cofactors or cosubstrates; b) measurement of enzymatic
oxidation products of glucose oxidase; c) the use of boronic
acids and d) the use of Concanavalin A or other glucose bind-
ing proteins. All of these methods have proven to be success-
ful in bench scale or larger systems but their translation to
the microscale is a challenge. The transfer of glucose sensors
based on monitoring of products of the enzymatic conversion
of glucose seems to be the most promising in our opinion
since miniaturized oxygen and pH sensor are established.

The recently presented glucose sensor by Nacht et al.** for
subcutaneous monitoring of glucose shows that the sensing
principle can be transferred to microfluidics. For this applica-
tion, the layers of luminescent dye and enzyme suspended in
polymer matrices were spray-coated onto optical fibers. An-
other system that seems to be least likely to display a lot of
cross sensitivity and has been shown to be suitable for
miniaturisation already is the glucose-oxidase (GOx) and
horseradish peroxidase (HRP) enzymatic cascade. The use of
this principle is shown in a paper by Iwasaki et al.°* where a
glucose oxidase-based sensor on a gold electrode was
presented. The sensor spots were about 1 mm in diameter
each. Moon et al.®® presented a microfluidic glucose sensing
system based on the same principle where glucose was meta-
bolised by glucose-oxidase followed by a horseradish peroxi-
dase reaction in the presence of iodophenol in a two-reactor
system. The group of Shinar have presented an organic light-
emitting diode-based (OLED-based) sensing platform for the
detection of glucose®® using various dyes. For all glucose
sensing methods mentioned here it is important to note that
the analyte is consumed in the analysis; this should be con-
sidered when glucose is a limiting factor, and the effect be-
comes more relevant the smaller the working volume of the
device.

e. Temperature

The precise monitoring of temperature can be crucial for
many biological applications, but is often also relevant for
the correct operation of other sensors which can be affected
by a change in the temperature of their environment. A varia-
tion of temperature of a few degrees can make a significant
difference in the outcome of an experiment and also affect
the readout of other sensors in the system. So having a way
to monitor the temperature is very important also in micro-
fluidic systems. Hoera et al.”” presented sensor layers made
of polyacrylonitrile and a temperature sensitive ruthenium
tris phanthroline probe with a thickness of only 0.5-6 pm ca-
pable of monitoring temperatures from 25 to 70 °C. Zhou
et al.*" presented PDMS stained with ZnO particles (quantum
dots) for a whole chip temperature measurement. The phe-
nomenon of surface plasmon resonance was utilized for the
thermometry in microbioreactors with high accuracy in small

This journal is © The Royal Society of Chemistry 2017
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volumes.’® Wang et al.”® presented a temperature measuring
possibility using PDMS doped with
upconversion nanoparticles (UCNPs) consisting of NaYF4:
Yb;'Er;" under infrared irradiation which was ratiometrically
imaged. With this method they were able to image the entire
channel of their reactor. Similarly, Kuriyama et al.'®® used
two-wavelength Raman imaging to monitor the transient tem-
perature in a microfluidic device. For this purpose the inten-
sity ratio between the simultaneously obtained Raman im-
ages taken at the same time at two wavelengths was
measured.

luminescence

f. Multi-parameter online monitoring

Optical sensors have large potential for multi-parameter sys-
tems because they can easily be integrated separately to each
other without affecting each other. However, very few systems
have thus far been presented that monitor more than one
variable at a time.

Zanzotto et al.>® presented a microbioreactor system fea-
turing both an oxygen and pH sensor for the monitoring of
the aeration of microbial cultures using commercially avail-
able sensor spots that were embedded in the bottom layer of
a circular microfluidic chamber (see Fig. 3, A). Multi-
parameter monitoring systems like this are very desirable as
they give a lot of insight into complex processes which ulti-
mately allows for a better process control. Lee et al.'*!
cessfully demonstrated pH and dissolved oxygen control, as
well as optical density (OD) monitoring for their array of
microfluidic devices used for high throughput experiments.
This was used for the fermentation of E. coli. Another multi-
parameter system was realised in a paper from the same
group.®”” They developed a microfluidic chemostat and
turbidostat to control oxygen, OD and temperature in a con-
tinuous cell culture. Most recently, Tahirbegi et al*® inte-
grated optical pH and oxygen sensors into a pesticide detec-
tion platform that used the inhibition of algal respiration to
detect the presence of pesticides. The sensors were integrated
into a glass chip using crosslinking agents to attach the sen-
sor spots to the surface treated glass. The spots themselves
were integrated using a microdispenser.

Ehgartner et al. (2016)” showed that it is possible to simul-
taneously monitor oxygen and pH using core-shell nano-
sensors in a microfluidic flow system. For this purpose lipo-
philic oxygen and pH nanoparticles were embedded into
poly(styrene-block-vinylpyrrolidone) nanoparticles. Lin et al
(2009)"°> demonstrated the use of oxygen and glucose moni-
toring for the cultivation of mammalian cells in a PDMS
microfluidic device to study the microenvironment of the
cells. Mousavi et al.'® reported a device suitable for real-time
monitoring of pH and oxygen for microfluidic cell and tissue
cultures. Oxygen sensor spots were integrated into a laser-
machined PMMA chip closed using double-sided adhesive
tape. Phenol red dissolved sensing dye was used to monitor
the pH at 560 nm using a UV-Vis microvolume spectropho-
tometer. A commercially available ruthenium complex was

suc-
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deposited in the sensor spot and spin-coated over by a thin
PDMS layer to avoid direct contact between the dye and the
aqueous environment.

In future, we expect to see more multi-parameter systems,
which allow for a better understanding of culture- or process
conditions through time-resolved profiles. Multi parameter
systems enable the early detection of transient shifts in cul-
tures or detection of errors via real-time comparison.

7. Conclusions and outlook

Optical sensors have advanced significantly over the past de-
cades, and their application range is continuously expanding.
Monitoring of relevant cell culture and bioprocess variables
has been successfully demonstrated, and the optical read-out
makes integration into the typically polymer- and glass-based
microfluidic devices for biological and biotechnology applica-
tions very attractive. As the field of optical sensors advanced,
different dyes and matrices were developed for the detection
of the same analyte, increasing the possibilities of sensor
integration for a desired application. Sensor integration re-
quires consideration of the various sensor formats, but must
be chosen with respect to device geometries, material, and
bonding/assembly methods. They also link with detection
methods, which in turn depend on device characteristics. In
general, it is best to consider what analyte should be
detected, and what its expected range or concentration is.
Next the sensing principle should be chosen based on avail-
able readout equipment and specific application. Depending
on those factors a suitable dye, sensor, and device matrix can
be chosen and optimized for the specific application, follow-
ing the iteration scheme shown in Fig. 1. In our experience,
this strategy yields the highest chance to achieve a robust
and accurate quantification of the targeted analyte.
Sophisticated sensors and detection methods have been
developed and miniaturized for common analytes such as ox-
ygen and pH, but there is still a need for development when
it comes to other biotechnologically relevant variables. Car-
bon dioxide sensors require further development both in
terms of miniaturization and lifetime, while analytes such as
acetate, lactate and ammonia have not been monitored in
microfluidic devices though they are relevant for the under-
standing of cellular metabolism and achieving or
maintaining product quality.'®*'® There is also a strong
need to develop optical methods for specific compound mon-
itoring in order to enable the detection of target products,
such as proteins, biomarkers, and small molecules. This
would enable an online quantification of process yields and
thus lead to a more comprehensive process understanding.
With further advances of sensor technology, multi-
parameter monitoring systems will become more prominent,
allowing the quantification of multiple parameters at once,
therefore providing a time-resolved fingerprint of the culture
and process conditions. More advanced sensor technology
will therefore also underpin new applications for microfluidic
devices. High throughput screening options will be necessary
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for parallel monitoring of multiplexed systems. For small
scale use, improvements necessary include the realisation of
simpler and more portable systems. This also concerns fur-
ther miniaturization of detection and liquid handling equip-
ment. To achieve true lab on a chip functionality, all compo-
nents necessary for successful analyte monitoring will need
to be both small and robust. This will then allow the full ex-
ploitation of the potential that miniaturization offers for ap-
plications in high throughput screening, process optimiza-
tion, and cell and tissue-base microsystems.
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