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Abstract pH value and the concentration of dissolved oxy-
gen (DO) are key parameters to monitor and control cell
growth in cultivation studies. Reliable, robust and accurate
methods to measure these parameters in cultivation systems
in real time guarantee high product yield and quality. This
mini-review summarises the current state of the art of pH
and DO sensors that are applied to bioprocesses from millilitre
to benchtop scale by means of a short introduction on mea-
suring principles and selected applications. Special emphasis
is placed on single-use bioreactors, which have been increas-
ingly employed in bioprocess development and production in
recent years. Working principles, applications and the partic-
ular requirements of sensors in these cultivation systems are
given. In such processes, optical sensors for pH and DO are
often preferred to electrochemical probes, as they allow semi-
invasive measurements and can be miniaturised to micrometre
scale or lower. In addition, selected measuring principles of
novel sensing technologies for pH and DO are discussed.
These include solid-state sensors and miniaturised devices that
are not yet commercially available, but show promising char-
acteristics for possible use in bioprocesses in the near future.
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Introduction

Modern bioprocesses are currently used to develop and man-
ufacture a large variety of products, including high-value
products for diagnosis of and therapies for severe diseases,
as well as cosmetics. Among the products are monoclonal
antibodies, hormones, vaccines, bioactive cells and tissues,
and secondary metabolites. The bioprocesses, which are asep-
tic and last several days or weeks, typically apply animal cell
lines (mammalian and insect cells) (Kaiser et al. 2015) in
addition to microorganisms (Sagmeister et al. 2014), plant cell
cultures (Georgiev et al. 2013) and, more recently, human
stem cells (Heathman et al. 2015) as production organisms,
which are often genetically modified. To tap the full potential
of production organisms, the cultivation system (that is, the
bioreactor) has to ensure optimum conditions for cell growth
and product formation, and thus desired product quantity and
quality.

This includes measurement and control of key process pa-
rameters such as pH value and dissolved oxygen (DO) value
in narrow ranges and involves the process development stage,
process characterisation and validation and, finally, routine
manufacture (Borys et al. 1993; Chotigeat et al. 1994;
Kunkel et al. 1998; Muthing et al. 2003). pH and DO sensors
are part of process analytical technology (PAT) (FDA 2004).
There is a natural pH shift resulting from substrate consump-
tion alongside cell growth and formation of by-products such
as lactate, acetate or ethanol. Moreover, in aerobic
bioprocesses, the oxygen used for cell respiration during cell
growth and the production phase decreases with increasing
cell number (biomass). The DO value representing the extra-
cellular amount of dissolved oxygen present in a unit volume
of water affects the oxygen uptake rate of cells and is an
indicator of cell viability. A non-optimum DO and/or pH val-
ue may lead to impaired product quality, cell growth
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limitations or even cell death, and therefore low product con-
centrations and possible loss of a batch. By measuring pH and
DO, the beginning of apoptosis and presence of a contamina-
tion can be detected (Myhre et al. 1985; Simpson et al. 1997;
Perani et al. 1998).

As Fig. 1 shows, specific requirements for pH and DO
sensors differ depending on the production organism type.
Due to the higher metabolic activities, measurement frequen-
cy of both sensor types needs to be much higher in microbial
cultures compared with animal and human cells or plant cells.
In contrast, pH and DO sensors used in cultivations with mi-
croorganisms have to provide reliable performance over a
shorter span of time, with pH sensors for microbial cells cov-
ering the widest measurement range. So far, independent of
the production organism type, DO measurement has been
found to be more problematic than pH measurement. This
particularly concerns processes with adherent cells, high cell
density processes and cultivations with non-Newtonian cul-
ture broths, in which fouling of the sensor membrane surface
can occur. It is also worth mentioning that gas bubbles and
restricted flow toward the sensor can affect the DO sensor
signal received (Pohlscheidt et al. 2013).

This mini-review describes the development status of pH
and DO sensors which are now used in bioprocesses for cul-
tivation systems from millilitre to benchtop scale. It is based
on an overview of the sensors currently available on the mar-
ket, a short discussion of their working principles and identi-
fication of their advantages and limitations. Selected sensors
for pH and DO as well as their application to bioprocesses are
given, and emerging trends briefly summarised. For a detailed

and comprehensive summary of recent developments in sen-
sor technology, readers may refer to informative reviews al-
ready published in this field (Quaranta et al. 2012; Wang and
Wolfbeis 2013; Wencel et al. 2014).

pH and DO measurement in bioprocesses: the state
of the art

Electrochemical sensors for pH and DO

To date, conventional bioreactors (that is, re-usable bioreac-
tors with a glass or stainless steel cultivation container) are
mostly equipped with electrochemical sensors for pH and
DO. To allow in situ monitoring and control, these sensors
are directly mounted onto the bioreactor vessel, which implies
that these devices need to be treated with cleaning in place
(CIP) and sterilisation in place (SIP) procedures.

Online and offline pH measurement in lab and process
applications is still dominated by pH glass sensors. The po-
tentiometric electrodes measure an equilibrium potential that
is formed between a glass membrane and a reference elec-
trode. With a linear response over almost the entire pH scale
and high selectivity, their measurement performance is excep-
tional. Glass pH sensors are a good choice for aseptic process-
es as they allow CIP and SIP procedures. In addition, biocom-
patible materials are generally used as wetted parts.

In conventional bioreactors, DO is frequently measured
with amperometric electrodes (Clark sensors), which have
been successfully used for decades (Renger and Hanssum

Fig. 1 Main specific requirements for pH and DO sensors used in
modemn aerobic bioprocesses which need to be taken into account in
addition to general demands. The general demands comprise (1)
adequate sensitivity and specificity, (2) need for calibration, (3)
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pH and DO sensors
Organism type Growth behaviour Doubling time Cultivation time pH-range DO-range
Microorganisms - Suspension cells
Escherichia coli, - Middle up to high cell densities Minutes Days 2-12
Pichia pastoris - Newtonian and Non-Newtonian culture broths
Plant cells - Suspension cells and hairy roots
Taxus baccata, - Low up to middle cell densities Days to weeks Weeks to months 5-6
Daucus carota - Newtonian and Non-Newtonian culture broths
20 - 60%
Mammalian cells
Chinese hamster ovary - Suspension cells (in the majority) Days to weeks 6.8-74
cell lines: CHO-K1 etc. - Adherent cells (two- and three-dimensional
growth)
Insect cells - Middle up to high cell densities
i - Newtonian culture broths _
Spoz?uptevm frugtl.)erda, Hours to days 6.1-6.5
High five cell lines -
- - Days
- Adherent cells (two- and three-dimensional
Stem cells rowth)
Mesenchymal stem cells from 8 .. 6.8-74 0.7 - 20%
L - Low cell densities
bone marrow or adtpoae tissue .
- Newtonian culture broths

mechanical robustness, (4) stability, (5) ease of use and maintenance,
(6) suitability for cleaning in place and sterilisation in place, (7) ease of
validation and implementation and (8) appropriate response time
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2009; Xiong and Compton 2014). These sensors are based on
the reduction of oxygen on the surface of a platinum cathode.
The electrochemical reaction takes place upon applying a con-
stant polarisation potential relative to the sensor’s anode,
which is mostly composed of silver. The sensor signal, an
electrical current in the nanoampere range, is limited by the
diffusion of molecular oxygen through a gas-permeable mem-
brane. Clark-type electrodes are robust and long-term stable
sensors. However, the maintenance efforts for polarisation and
replacement of electrolyte and sensor membranes are compar-
atively high. Furthermore, oxygen concentrations are affected
by the sensing process itself, as oxygen is consumed by the
electrochemical reduction reaction. This effect is negligible in
large volumes, but it can limit the application of Clark-type
electrodes. For these reasons, many conventional electro-
chemical DO sensors have been replaced by optical counter-
parts in recent years.

Optical sensing techniques for pH and DO

Working principles and applications of optical pH sensors
have recently been compiled in a comprehensive review
(Wencel et al. 2014). Optical pH sensors are based on pH
indicator dyes that are immobilised on sensing layers
(Fig. 2a). Analogous to pH indicators applied to aqueous

a) pH-sensor

solutions, the basic and acidic forms of these dyes have dis-
tinct spectral properties. Hence, a pH change leads to a change
in the protonation degree of these molecules, which in turn can
be detected as a shift of absorbance or fluorescence signal.
Different techniques have been proposed to immobilise the
indicator dyes, such as entrapment in sol-gel-based materials
or polymers (Hiruta et al. 2012; Joen et al. 2013; Kassal et al.
2014; Schyrr et al. 2014) or covalent binding to a polymer
matrix (Aigner et al. 2012; Aigner et al. 2013; Hutter et al.
2014).

Limitations of optical pH sensors, such as their small mea-
suring range, limited long-term stability and dependence on
ionic strength, have prevented their widespread use in
bioprocess applications in former years. However, researchers
and sensor manufacturers have constantly improved their sen-
sor characteristics over the past few years. As a direct result of
the working principle related to the protonation equilibrium of
immobilised pH indicators, the measurement range of optical
pH sensors is usually limited to 2-3 pH units (Wencel et al.
2014). Since most bioprocesses are operated in a narrow pH
range (see Table 1), a small measurement range is not neces-
sarily a major constraint. As the measuring range of an indi-
cator dye is determined by its pKa value, dyes for use in pH
sensing can be tailored according to the designated pH range
(Zhang et al. 2015b). By applying a pH indicator with an

b) DO-sensor

/ Light fiber
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\ / b~
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Fig. 2 Measurement principle of optical sensors. a Optical pH sensors
are often based on the simultaneous excitation of two fluorescent dyes
that are embedded in a polymer matrix. While the fluorescence emission
of one dye is dependent on the pH value, the second dye acts as a
reference indicator. Usually, referenced detection techniques are used,
i.e. ratiometric intensity measurements or measuring schemes in the

time or frequency domain, such as dual-lifetime referencing. b Most
optical oxygen sensors rely on selective luminescence quenching by
molecular oxygen. If a modulated light source is used to excite the dye,
the intensity and the phase angle of the emission depend on the oxygen
concentration
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_§ § -;;) appropriate pKa value to the optical sensor, the pH measure-
% % % § £ 2 g 2 3 ment range can be adapted to the requirements of the process
2 22 § 3 252 é to be monitored. As an example, pH was successfully moni-
% g 2 g; .g 2 é % g tored in anaerobic batch production of acetone, butanol and
53 g a _ = 2 a § g § ethanol by using a sensor optimised for pH values in the range
zg <§ g 3 % zg Z of4.5 to 5.8 (Janzen et al. 2015). If different pH-sensitive dyes
with varying pKa values are co-immobilised, a sensor’s dy-
- g namic range can be extended considerably (Chauhan et al.
é 3 % 2011). Optical pH sensors with a dynamic range of more than
e z 5.5 pH units have been reported (Zhang et al. 2015a).
g S § © Optical pH sensors are affected by leaching and
S5 P 8 % photobleaching of the indicator dyes, as well as by fluctua-
va & £ & = tions in light source intensity or detector sensitivity. Different
measures have been taken to improve the signal stability of
optical pH sensors, such as the use of photostable indicator
dyes (Jokic et al. 2012) or covalent attachment of the pH-
o) S & Jd S sensitive dye to the polymer matrix (Aigner et al. 2013). As
§ § § § OS\O an important step to improve the long-term stability of optical
= s 3 3 = pH sensors, a measurement scheme called dual-lifetime
§ %05 % of referepcing (DLR) was dgveloped iq the last.few years. This
8 255 2 i technique is also applied in commercially available optical pH
2 4 EF5 3E sensors, such as those distributed by PreSens (Table 1). In the
g §_ J § £ § gn g frequency-domain scheme, a modulated light source is used
§D g © g § _L-; g ‘é é_% that excites both the indicator dye as well as a second fluores-
'g jz é é § g 8 % E_E cent dye that is pH insensitive and acts as a reference com-
g ;é . E’, 2 2 '—g § 2 g 5 &?P pqund (Liebsch eF al: 2001; Bor'iscl)v et .al. 2910). The phase
22¢ 2 2 E£<5TARG5E shift between excitation and emission signal is related to the
protonation degree of the indicator dye (and therefore to the
pH value of the measuring solution). However, this signal is
not influenced by unspecific effects related to the limited sta-
S s g 9 o bility of the. sensor compounds.involved. .
I Y E I Sensor signals of today’s optical pH sensors are sufficiently
stable during a cultivation process of several days or weeks.
According to the technical specifications of sensor manufac-
3 turers, sensor drifts of less than 0.01 pH per day are achievable
f; o (see Table 1). Nevertheless, the measurement signal often
;‘ A e, needs to be corrected during operation. This is usually done
:3’» é é by manual process steps (taking a sample, offline measure-
. . 5 E § ment, offset correction of measurement value), which are la-
_ borious and bear a risk of contamination.
= o ) g § As an alternative to Clark electrodes, optical sensors are
g < o k| 2 = g well-established tools for reliable measurements of DO in
O % 2 j} é g E (': bioprocess applications (Wang and Wolfbeis 2014). As shown
E %0 8 o = g E Y in Fig. 2b, they make use of a fluorescent dye that is
g 2 § % & g L0 E E immobilised in a polymer matrix. In the presence of oxygen
% & o E 5 § % ‘% é e molecules, the fluorescence emission of the dye is quenched
& & £ESBEL 3 5 selectively. Hence, the fluorescence intensity decreases with
=) increasing partial pressure of molecular oxygen. Based on this
é working principle, different classes of fluorescent dyes have
g been developed, such as polypyridyl complexes of transition
- metals or metalloporphyrins. A comprehensive overview of
_ié indigator dyes applied to optical oxygen sensors was recently
= published by Quaranta et al. (2012).
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Rather than fluorescence intensities, commercially avail-
able optical oxygen sensors detect a shift of phase angle that
is observed between excitation of a modulated light source
and emission of the fluorescent dye. Using this approach,
the sensor signal is barely affected by the stability of the light
source or photobleaching of the dye, thereby allowing very
reliable and long-term stable measurements. Optical sensor
patches for pH and DO are used in both conventional and
single-use bioreactors. It is evident that single-use cultivation
systems, which have been increasingly implemented in the
past 15 years, have strongly influenced pH and DO sensor
techniques (Hanson et al. 2007; Naciri et al. 2008; Lam and
Kostov 2009; Lindner et al. 2011; Paldus and Selker 2011).

Novel sensors for millilitre and litre scales

Single-use vs. conventional bioreactors: impact on sensor
design and specification

Single-use cultivation systems have a transparent or non-
transparent cultivation container. The plastic cultivation con-
tainer is either rigid (multiwell plates, t-flasks, tubes, shake
flasks and cylindrical single-use vessels) and made from poly-
carbonate or polystyrene or is operated with a flexible bag
whose contact layer is polyethylene or ethylene vinyl acetate
(Eibl et al. 2010). According to Kaiser et al. (2015), there is a
clear distinction between static, orbitally shaken, wave-mixed
and stirred single-use bioreactors at millilitre and benchtop
scales. In contrast to their re-usable counterparts, single-use
cultivation containers are provided beta- or gamma-sterilised
and are usable without lengthy preparation. After one-time
usage, they are discarded.

The installation of sensors in single-use cultivation con-
tainers may not entail a hygienic risk or adversely change
mass transfer and hydrodynamics (by formation of dead
zones, for example). This demand and the fact that sensor
dead zones are difficult to avoid at millilitre scale or tend to
require miniaturisable sensor solutions also apply to re-usable
cultivation containers. But in the face of a reduced contami-
nation risk, single-use cultivation systems should be equipped
with single-use sensors instead of re-usable pH and DO sen-
sors with standard geometry (e.g. 12 mm sensor diameter).
Although they remain in use, re-usable pH and DO sensors
which need to be sterilised outside the containment and con-
nected to a single-use bioreactor via aseptic couplings (e.g.
Kleenpak sterile connectors) are regarded only as
compromise.

In fact, single-use pH and DO sensors are preferred, which
presupposes ready-to-use cultivation containers in which
sterilised, calibrated and qualified sensors have been installed.
A secretion of leachables, which can be ascribed to single-use
sensors, is undesirable. Leachables display chemical

@ Springer

substances resulting from the manufacturing process of the
cultivation container and its irradiation. Under process condi-
tions, they can migrate from the plastic into the culture broth
that contains the cells (Wood et al. 2013). Even small concen-
trations of leachables can provoke inhibition of cell growth or
even cell death (Hammond et al. 2013; Hammond et al. 2014).
Single-use pH and DO sensors need to be as inexpensive as
possible as well as environmentally safe. In addition to mea-
surement, they should provide information for identification
of physical components and about lifetime cycle and calibra-
tion. This is based on the assumption that the data (depending
on demand) can be externally read out from the control sys-
tem, recorded and processed. For current Good
Manufacturing Practice (¢cGMP) applications, both single-
use pH as well as DO sensors and control systems also need
to be qualifiable. This assists in integration into the
superordinated process control system by using standardised
communication protocols (plug-and-play) (Eibl 2010).

Single-use pH and DO sensors

To date, optical sensor spots can be attached inside any trans-
parent vessel, allowing signals to be read out through the wall
of the cultivation system. In this setup, the low-cost sensing
elements (i.e. the optical sensor spot) are separated from the
light source and detector. Readout devices that are directly
mounted in incubator shakers facilitate investigations for
scale-up and scale-down of microbial or cell cultures.
Therefore, optical sensors are ideally suited to monitor pH in
shake flasks (Fig. 3) or benchtop bioreactors (Ge et al. 2006;
Vallejos et al. 2012; Ragupathy et al. 2015). The small dimen-
sions of the sensor spots also guarantee that fluid dynamics in
small-scale bioreactors and shake flasks are not affected by
bulky sensors.

As sensor spots can be miniaturised to millilitre scale and
lower, they are routinely used to measure pH and DO in mi-
crotiter plates (Glauche et al. 2015). To date, measurement of
pH and DO in single-use cultivation systems predominantly
relies on optical sensing methods. Unfortunately, sensors
which have a shelf life of more than 6 months cannot be
chosen by applier (they are pretended by the supplier of the
single-use cultivation container).

Although pH glass electrodes cannot be easily transferred
to single-use cultivation systems (difficult integration into a
flexible polymer sheet, need for long-term hydration of the
glass membrane), a single-use pH glass sensor which can be
operated in two positions was introduced by Metroglas and
Sartorius Stedim. In its measurement position, the sensor is
introduced into the process medium, while for calibration,
maintenance and storage, the sensor can be pulled back and
immersed in buffer or storage solution. This setup allows the
user to insert a preconditioned and calibrated electrode into the
process medium (Bernard et al. 2009). Recently, sensor
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Fig. 3 Optical pH and DO
sensors implemented in a shake
flask. This setup allows reliable
measurements and contributes to
time saving in screening studies
as reported by Dittler et al. (2014)
and Jossen et al. (2015). This
figure was kindly provided by
PreSens Precision Sensing GmbH

Shake flask

Sensor spots -

manufacturers have started to integrate miniature pH glass
sensors into standard fittings used in single-use bioreactors
(e.g. 1” Eldon James ports). Gamma irradiation of >25 kGy
has been shown to only slightly affect sensor performance,
with an average offset of 0.05 pH units. After a dry storage
interval of more than 12 months, factory sensor characteristics
remained constant within 0.1 pH units in relation to factory
calibration data (Arzt et al. 2015).

Solid-state pH sensors

As an alternative to potentiometric pH glass electrodes, differ-
ent electrochemical solid-state sensors have been proposed.
Ion-selective field effect transistors (ISFETs), which are es-
sentially unbreakable solid-state sensors, comprise a semicon-
ductor component that is modified with a pH-sensitive layer
consisting of an inorganic gate oxide such as Ta,Os (Bergveld
2003). ISFET pH sensors have successfully been applied to
monitor fermentation processes (Krommenhoek et al. 2008;
Bicker et al. 2011) and used to measure pH in a biogas
digestate (Huck et al. 2014). These sensors can be very small
in size and are therefore suitable for microbioreactors
(Maharbiz et al. 2004). Nevertheless, ISFETs have not been
widely accepted in bioprocess applications. An aseptic encap-
sulation of the semiconductor sensing element is technically
feasible, however technically demanding (Oelf3ner et al.
2005). As a major drawback, ISFETs usually do not qualify
for treatment in CIP procedures due to the limited durability of
the silicon substrates in hot caustic soda. Capacitive EIS (elec-
trolyte—insulator—semiconductor) field effect sensors based on
Ta,Os5 as a pH-sensitive material might serve as an alternative.
Owing to their simple structure, they showed small changes in
pH sensitivity after 30 CIP cycles (Schoning et al. 2005).
ISFETs can be stored dry over a long period of time and
therefore seem particularly well suited for single-use bioreac-
tors. However, gamma irradiation causes the sensor signal to
shift by several pH units (Humenyuk et al. 2008).

A different class of semiconductor material has recently
been proposed for pH sensing. Sensors based on AlGaN/
GaN heterostructures showed high and constant sensitivities
in the pH range between 1 and 12. Whereas the sensitivities of
the AlGaN/GaN pH sensors were only minimally influenced
by CIP treatment, the sensors showed large shifts of transfer
characteristics, resulting in a positive shift of around 0.2 pH
units per CIP cycle. Therefore, their use for applications in
food industry and biotechnology is questionable (Linkohr
etal. 2013).

Furthermore, a different type of electrochemical solid-state
sensor has been introduced based on redox active compounds
that are immobilised in a working electrode (Lahav et al.
1998; Lawrence and Robinson 2007; Lafitte et al. 2008).
Depending on the redox potential of these compounds, apply-
ing a potential to the working electrode causes their reduction
or oxidation, resulting in a current signal. As a sensor working
principle, species with pH-dependent as well as pH-
independent redox potentials are immobilised in the sensing
layer. Therefore, when the applied potential is scanned in a
voltammetric setup, a sensor measures two signal peaks, with
the potential difference between the peaks being directly re-
lated to the pH value. Voltammetric sensors are usually run in
a three-electrode setup, and therefore require a reference elec-
trode in the same way as conventional pH sensors do.
However, in contrast to potentiometric sensors, a possibly
unstable potential of the reference electrode does not directly
influence the measured value. Hence, these sensors provide
for long-term stable and ‘calibration-free” pH measurements,
which make them attractive for online pH measurement in
bioprocesses. Although there have been attempts to commer-
cialise this technology, voltammetric pH sensors are not yet
available in the market (Wilkings 2011).

A novel sensing and signal transduction scheme that was
developed for single-use biomanufacturing processes has re-
cently been presented (Potyrailo et al. 2011; Potyrailo et al.
2012). These sensors are based on passive radio-frequency
identification (RFID) tags that are attached to single-use
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cultivation systems. When the RFID sensors are read with an
external readout device, an electric field is generated that ex-
tends into the process medium and is affected by its dielectric
properties. This influences the complex impedance of the
RFID resonant antenna, which is measured wirelessly and
correlated to several measured parameters, such as conductiv-
ity, pH and temperature. A similar wireless sensor based on a
resonant circuit consisting of a planar spiral inductor connect-
ed to a temperature-dependent resistor and a voltage-
dependent capacitor was developed by Bhadra et al. (2013).
With a solid-state iridium/iridium oxide pH sensor and a Ag/
AgCl reference electrode connected with the circuit, a shift of
the circuit’s resonant frequency was observed due to pH var-
iation of the solution. The sensor was used for remote pH
monitoring of fermentations in a shake flasks over several
days with an accuracy of 0.08 pH units (Bhadra et al. 2014).
These sensors are promising in that they allow battery-free,
contactless multi-parameter monitoring at low cost.
Furthermore, simultaneous digital identification may provide
additional information about the single-use component (e.g.
production date, calibration date, etc.) over the complete
bioprocessing workflow.

Developments of optical sensors

In the past few years, there has been extensive research on
fluorescent dyes for use in optical chemical sensors. New types
of indicator dyes have been reported with absorption and emis-
sion maxima in the red or NIR spectal range (Yu et al. 2015).
This is advantageous in biological applications due to the lower
spectral interference of biomolecules in the NIR region.
Furthermore, standard low-cost light sources can be used to
excite the fluorescent dyes were reported. Jokic et al. (2012)
and Strobl et al. (2015) reported highly photostable NIR pH
sensors based on BF,-chelated tetraarylazadipyrromethenes
with emission maxima above 700 nm and distinct pKa values
covering a pH range between 1.5 and 13.

Optical oxygen sensors based on platinum and palladium
benzoporphyrins have also been recently presented (Hutter
et al. 2014; Miiller et al. 2015). These sensing materials are
excited with red light and show emission maxima in the NIR
range of the electromagnetic spectrum. The sensors, based on
dyes covalently bound to polymer matrices, have high robust-
ness and photostability. Optical sensors for oxygen based on
NIR-emitting dyes are also commercially available, such as
the FireSting sensors distributed by Pyro Science.

Sensors for the microlitre scale
As optical sensors can be miniaturised to micro- and
nanometre scale, a variety of new approaches to measure pH

and DO in microenvironments has emerged. Optical sensors
are ideally suited to measuring these parameters in
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microfluidic systems (miniaturised analysis systems or lab-
on-a-chip technologies), which enables cultivations from
picolitre to microlitre scale. A complete overview of pH and
DO measurements in microfluidic systems is beyond the
scope of this paper. For detailed information, the interested
reader is referred to the reviews of Young and Beebe (2010),
Lietal. (2012), Chen etal. (2014) and Sackmann et al. (2014).

The use of fluorescent dyes that are sensitive to pH and DO
embedded in nanoparticles has opened new opportunities to
spatially resolve pH and DO in millilitre scale and below.
Nanoparticle-based sensors can be used to monitor extracel-
lular oxygen in various applications. Nanobeads with diame-
ters of 350 nm were doped with NIR-emitting platinum(II)-
benzoporphyrins. These functionalised beads were used to
measure oxygen in bacterial cultivations and for
microtoxicological investigations of soil bacteria. Applied to
a microfluidic system, the method proved helpful in investi-
gating growth and metabolic activity in microfluid segments
(Cao et al. 2015). Fluorescent pH-sensitive nanoparticles with
a size of 12 nm were immobilised in a conventional layer of
agarose as a sensing layer for fluorescence imaging. In this
somewhat simple setup, growth and metabolism of
Escherichia coli was monitored by acquiring RGB pictures
of Petri dishes illuminated by blue light to excite the fluores-
cence of the dye (Wang et al. 2013b). Biocompatible oxygen
sensing beads which were tens of micrometres in size were
used to monitor the local concentration oxygen in cell cul-
tures. The spatial measurement of oxygen enabled the geom-
etry and structural features of the cell culture microwells used
to be assessed (Wang et al. 2013a).

A variety of cell-permeable probes for the imaging of oxy-
gen has been described (Dmitriev and Papkovsky 2015).
Depending on the experimental conditions, these nanoprobes
need to fulfil requirements that are different to those of macro-
scopic sensors, such as cytotoxicity and compatibility with dif-
ferent cell and tissue models. A hydrogel-based nanosensor
with a broad pH range covering the physiological pH range in
all living cells was recently reported. It comprises three different
pH-sensitive fluorescent dyes and a reference dye. The sensors
provided measurements of fluctuations in lysosomal pH in
HeLa cells after different treatments (Zhang et al. 2015a).

Conclusion and outlook

For decades, online measurement of pH and DO has been
dominated by electrochemical sensors. Due to their robust-
ness, low cost and reliability, potentiometric glass pH elec-
trodes and amperometric DO sensors are still a good choice
for bioprocess monitoring today. Optical sensors for pH and
DO have been commercially available for many years now
and, in recent years, have become established in biotechno-
logical applications.
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Two main factors are responsible for the increasing
use of optical sensors. Firstly, they allow semi-invasive,
contactless measurements through transparent container
walls, with the signals read out and processed external-
ly. For this reason, optical sensors are ideally suited for
applications in single-use benchtop bioreactors, shake
flasks and microtiter plates. Secondly, optical sensors
can be miniaturised in a straightforward way to millilitre
scale and below. Hence, they are even predestined to be
applied to microfluidic systems for measurement of pH
and DO with temporal or spatial resolution, as well as
for intracellular monitoring of these parameters.
Limitations of optical pH sensors, such as a generally
restricted long-term stability and small measuring range,
have prevented their widespread use in laboratory and
process applications to date. In contrast, today’s optical
sensors for oxygen are stable, robust and not affected
by CIP and SIP procedures. Optical oxygen sensors
have been available for some time in standard dimen-
sions for use in stainless steel bioreactors.

From the perspective of users who apply sensors in their
daily work, developers and manufacturers of sensors should
address the following issues:

* Operational lifetime and stability of optical pH sensors are
not satisfactory for cultivation periods of several days to
weeks. If these sensor characteristics were equal to those
of optical sensors for DO, higher process reliability and
efficiency could be achieved.

* Electrochemical and optical measuring techniques are
very often used interchangeably or simultaneously in the
same process. Due to their different working principles,
the measurement signals of these sensors may deviate
from one another. Comparability between different sens-
ing schemes could be improved if fully traceable proce-
dures and standards were used for calibration of the
Sensors.

* In conventional glass or steel bioreactors, sensors are
installed using standard process ports and connec-
tors. In single-use bioreactors, however, a variety
of process connectors and measurement protocols is
available. Standardisation in this field would help
users to select a sensor that best fulfils the require-
ments of a given bioprocess independent of the
manufacturer.
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