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Review

Sensors for disposable bioreactors

Modern bioprocess monitoring demands sensors that provide on-line information
about the process state. In particular, sensors for monitoring bioprocesses carried
out in single-use bioreactors are needed because disposable systems are becoming in-
creasingly important for biotechnological applications. Requirements for the sensors
used in these single-use bioreactors are different than those used in classical reusable
bioreactors. For example, long lifetime or resistance to steam and cleaning procedures
are less crucial factors, while a requirement of sensors for disposable bioreactors is a
cost that is reasonable on a per-use basis. Here, we present an overview of current
and emerging sensors for single-use bioreactors, organized by the type of interface
of the sensor systems to the bioreactor. A major focus is on non-invasive, in-situ
sensors that are based on electromagnetic, semiconducting, optical, or ultrasonic
measurements. In addition, new technologies like radio-frequency identification
sensors or free-floating sensor spheres are presented. Notably, at this time there is
no standard interface between single-use bioreactors and the sensors discussed here.
In the future, manufacturers should address this shortcoming to promote single-use
bioprocess monitoring and control.
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1 Introduction

Single-use bioreactors (SUBs) have become widely used in the
biopharmaceutical industry [1,2]. In many production areas,
especially for the production of high-value products in small
volumes, they have replaced traditional stainless steel reactor sys-
tems [3]. Disposable reactor technology offers increased facility
flexibility with lower investment and energy costs, and espe-
cially a simpler production when Good Manufacturing Practice
(GMP) requirements are followed, because elaborate and labor-
intensive cleaning procedures become obsolete [3, 4]. Today,
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various disposable bioreactor systems are available on the mar-
ket, covering culture volumes from several mL (e.g. Micro-24,
Pall Corporation, Port Washington, USA; ambr® systems, Sar-
torius Stedim Biotech, Gottingen, Germany) up to 2000 L (e.g.
Biostat® Cultibag STR, Sartorius Stedim Biotech, Gottingen,
Germany) [5]. These systems are stirred, shaken, or pneumati-
cally blended to provide sufficient mixing of all nutrients within
the reactor system and to supply an efficient gas exchange into the
medium. Although primarily used for mammalian cell culture,
the cultivation of yeast and other microorganisms in a dispos-
able bag reactor has been demonstrated [4,6,7]. Overviews of the
available systems are given in review articles by Lopez et al. [8]
and Eibl et al. [5,9,10].

Detailed knowledge of bioprocesses is necessary for improved
understanding, control, and optimization. Based on the Pro-
cess Analysis Technology (PAT) initiative of the US Food and
Drug Administration (FDA), improved sensor concepts have
been investigated over the last 20 years toward the goal of mon-
itoring of the physical environment (e.g., temperature, shear
stress), the chemical environment (e.g., substrate and product
concentrations), and the biological system itself. In order to
further improve the use of disposable bioreactor technology,
sensor concepts for this type of bioreactor are urgently needed
[11,12].

In general, sensor application types can be classified as in-
line, at-line, or off-line. In-line or in-situ sensors are directly
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interfaced to the reactor and in contact with the process medium.
At-line systems rely on a sample that is withdrawn via a sampling
module and analyzed outside the bioreactor. The measurement
of in-line or at-line sensors can be considered to be on-line if
the data are recorded continuously and the response time of the
sensor signal is small in comparison to the process dynamics.
Every other measurement is defined as off-line [13].

Sensors can be connected to disposable bioreactors in three
ways. Single-use, sterilizable sensors can be interfaced as in-situ
sensors into the disposable bioreactor during its production pro-
cess, prior to the final sterilization step, and used only once, to-
gether with the reactor. In general, only inexpensive sensors will
be used in this way. To interface a sensor directly into an already
sterilized SUB, special sterile adapter technologies are needed. In
this case, devices such as optical or impedance sensors could be
placed external to the bioreactor, interfaced via special connec-
tor ports that form a sterile barrier and must be transparent to
the sensing wavelengths so the bioreactor contents can be inter-
rogated. Such sensors offer the advantage of being reusable and
non-invasive. Another monitoring interface method is the use of
appropriate sampling devices to withdraw a representative sam-
ple under sterile conditions from the bioprocess medium. This
sample stream can then be analyzed at-line. Figure 1 gives an
overview over the possible connection types.

In principle, all sensors available for conventional bioprocess
monitoring can also be used for disposable reactor technology.
Such sensors are reviewed by Biechele et al [13]. In contrast, this
review will focus on existing sensors for SUBs, such as sensors
for optical dissolved oxygen measurement or impedance spec-
troscopic probes and sensor concepts. These can be used in the
near future for monitoring of disposable reactor cultivations.

2 Interface category 1: sampling systems

Probes for cell-free or cell-containing sampling allow the use of
ex-situ sensor systems to analyze samples of disposable bioreac-
tor processes. Moreover, these sampling probes are suitable for
connecting at-line analytical systems to the bioreactor, by in-
cluding a bioreactor bypass. The most important challenge with
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sampling ports is to retain sterility while providing a represen-
tative sample stream for frequent analysis [14].

Cell-containing samples from disposable bioreactors are col-
lected via integrated sampling ports. Most disposable bioreactor
systems include a sampling port made of a thermoplastic weld-
ing tube or a special aseptic connector. Pre-sterilized sampling
containers are connected via welding and later are sealed by heat-
ing. Containers reaching from several mL up to 1 L exist [15].
Aseptic connectors offer the advantage that no welding machine
is needed, but most manufacturers use proprietary systems that
limit flexibility.

After sampling, the metabolic activity of the cells in the
sample must be stopped, or there might be changes in sam-
ple composition [16-23]. This can be accomplished by cool-
ing or by the addition of metabolism inhibitor solutions to
the samples [24]. Liicking et al. [25] described an automated
sampling system for cell-containing samples that could be suit-
able for a SUB. In addition to the collection of the sample
in a cooled rack, the system integrates a novel measurement
chamber that allows the use of well-established classical sensors
in bypass mode. The modular design of the chamber enables
the adoption of different probe dimensions and measurement
principles.

In-line filtration probes enable cell-free sampling. These de-
vices use microfiltration [26-28] or dialysis [29-31] membranes
as sterile barrier. While most of the probes are designed for re-
peated use in classical stainless steel reactors [32-34], a fully
disposable dialysis probe has recently been introduced to the
market by Trace Analytics GmbH (Braunschweig, Germany).
This novel probe is connected to a standard sampling port of a
SUB via a standard Luer connector [35].

Another tool for at-line measurements of specific analytes
that is suitable for the use with sampling systems is flow injec-
tion analysis (FIA). Many examples for FIA-based sensor systems
have been described in literature [36—38]. The advantage of FIA
analysis is that a defined reaction environment is generated and
that samples can be diluted and preconditioned in fully auto-
mated manner [39,40].

At-line sensors can be used for gas phase monitoring in bio-
processes in addition to the analysis of liquid samples. The most

Category 3: Non-Invasive Interface
- Impedance Sensors

- Chemo Optodes

- Spectroscopic Sensors

- Free Floating Wireless Sensors

Figure 1. Sensor connection
to disposable bioreactors.
Three different categories are
defined: Noninvasive inter-
faces, disposable sensors and
special disposable sampling
ports.

941



Engineering
in Life Sciences
www.els-journal.com

common analysis of this type is off-gas monitoring because the
sensors can be interfaced to the process on the non-sterile side
of the off-gas filter. Thus, sterility is not a concern. In biopro-
cesses, oxygen and carbon dioxide are the most important gases
to monitor. Changes in their concentration give information
about cell growth, metabolism, and productivity [13]. In prin-
ciple, every off-gas analyzer that is used for classical stainless
steel bioreactors can be used for disposable bioreactors without
any modifications. Biechele et al. [13] gives an overview over the
most common gas monitoring techniques for bioprocesses.

3 Interface category 2: in-situ disposable
sensors

This interface is based on a single-use sensing element that is
integrated into the reactor during manufacturing and sterilized
together with the SUB, usually by y-radiation. This interface
requires a physical penetration through the bioreactor bag to
connect the sensing element on the inside to the transmitter and
detection unit outside of the reactor. Because these sensors are
disposed together with the bioreactor, they must be relatively
inexpensive. Another requirement of in-situ sensors is that they
cannot leach any extractable compounds into the fermentation
medium, including after sterilization. Examples of sensors that
belong to this class are electrochemical pH sensors, ion selective
field effect transistors (ISFETs), chemo- and biosensors for the
detection of metabolites such as glucose, glutamine, or lactate,
and passive radio frequency identification (RFID) sensing ele-
ments. A method for determining O, and CO, concentrations
in bioprocesses with in-situ disposable sensors is described by
Chatterjee et al. [41]. They used an in-situ silicone loop which
is permeable for oxygen and carbon dioxide. The two gases are
recirculated through gas impermeable tubing’s to the respective
gas sensors on the outside of the SUB. More information on mea-
surement of oxygen and carbon dioxide in single-use reactors is
given in chapter 4.1.1.

3.1 Single-use electrochemical pH sensor

One of the most common electrochemical sensors for biopro-
cess monitoring and control is the pH probe. Classical potentio-
metric glass electrodes are well established, reliable and robust
but are too expensive to be disposed after a single cultivation
run. Therefore, single-use glass electrodes have been developed.
These sensors can be integrated directly into the bioreactor dur-
ing manufacturing and can be stored dry. The sensors combine
both the pH and the reference electrode, and they retain high
accuracy after y-radiation. Some probes even have a built-in tem-
perature sensor for the temperature compensation of the signal.
Examples for the use of single-use electrochemical pH probes are
the ambr® 250 (Sartorius Stedim Biotech, Gottingen, Germany)
or CerCell systems (CerCell ApS, Holte, Denmark). Neverthe-
less, single-use glass electrodes are still very expensive and need
optimization regarding costs.
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3.2 lon-selective field effect transistors

Chemical field effect transistors (FETs) are most promising alter-
natives to common electrochemical sensor systems for disposable
systems, because they are small, cheap and easily producible in
large amounts. Every FET needs a power supply and wired con-
nection to a readout unit. Thus, a penetration through the SUB
is required for the wired connection, which allows the separation
of the disposable FET from the reusable electrical equipment.

The measuring principle of FETs is based on the attachment
of ions or molecules to an ion- or analyte-sensitive layer that is
coated on the gate membrane of the transistor. Two electrodes
(source and drain) are grounded on a substrate and connected
to a current. The attachment of the ions/analytes to the gate
membrane causes an electric potential and by this a change in the
current between the source and drain electrode. These changes
are proportional to the ion/analyte concentrations [14]. The bias
point is defined by a reference electrode that is in contact with
the measuring solution as well.

Different membrane coatings enable measurement of various
process variables, including enzymes, proteins, or pH [42-45].
FETs coated with a biological component such as an enzyme,
antibody, or DNA structure are called bioFETs. They can ac-
commodate a wide variety of biological components that can be
used as immobilized gate components, and thus many different
analyte molecules could be detected in bioprocesses [43,46,47].
bioFETs are a combination of FET and biosensor technology that
is described in the next section.

3.3 Chemo- and biosensors

Both chemosensors and biosensors are versatile tools for biopro-
cess monitoring as they offer a targeted specificity in complex
media [48]. Chemosensors are based on the specific interac-
tion of an analyte with an indicator molecule. In case of optical
chemosensors, this indicator is immobilized on a tip of a light
guide system and can be illuminated by an external light source
(e.g., LED). Changes in the optical properties of the indicator
molecules due to the interaction with the analytes are reflected
in changes in the photoluminescence intensity, adsorption, or
reflection. These changes are correlated with the analyte concen-
tration and measured by an external light detector (e.g., photo
diode) [49]. The primary analytes for chemosensors are oxygen,
carbon dioxide, and pH (hydrogen ion). While chemosensors
with physical connections to a hardware unit have been evalu-
ated, they are more commonly implemented as optical sensors
interrogated through a port, and thus are discussed with other
Interface Category 3 sensors.

Biosensors for many different analytes have been developed
[48,50-52]. Their basic structure has three parts: A biological de-
tection component, immobilized on a signal transducer, which
is amplified by a signal conversion unit. The analytes are selec-
tively and sensitively recognized by the bio-component either
via a catalytic mechanism (using enzymes) or through bind-
ing (usually using antibodies or nucleic acids) [48,53-55]. The
transducer determines the interaction of the biological detec-
tion unit. Classical oxygen and pH electrodes are often used as
transducers [56,57].

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Because of the susceptibility of the biological components
to steam sterilization, biosensors are not used for in-situ mon-
itoring in classical stainless steel or glass reactors. But they can
tolerate y-sterilization and therefore are appropriate for the use
in disposable bioreactors.

Novel single-use biosensors for the on-line measurement of
glucose, lactate, and glutamate are available. They use an enzy-
matic oxidation process and direct electron transfer from glucose
to the electrode by a chemical wiring process [58]. A dialysis
membrane is cast over the sensing head to separate the sen-
sor from the cultivation medium. These sensors are delivered
ready to use, and can be integrated in the ventilation cap of
a shake flask or directly integrated into disposable bioreactors
via standard ports. Bauer et al. [58] tested this type of sensor
in Chinese Hamster Ovary (CHO) cultivations successfully and
demonstrated their usefulness in single-use applications.

Further developments, that allow the measurement of at least
one bioprocess parameter non-invasively without placing sen-
sors on the inside of the reactor are described in a patent of Rao
et al. [59]. This invention bases on a barrier membrane that is
at least partially permeable to the analyte and in contact with
the sensor. Once realized, this allows single use biosensors of
interface category 3, described later in this review.

3.4 Radio-frequency identification-based sensors

In the pharmaceutical industry, the use of radio-frequency iden-
tification (RFID) chips is recommended by the FDA to improve
supply chain efficiency, track and trace protection, and reduced
counterfeiting [60,61].

In contrast to conventional stainless steel reactors,
SUBs are made of plastics, which are transparent to the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Modified RFID tag for chemo- or bio-
sensing via a sensing film applied on the antenna.
The analyte affects the film materials resistance
Re and capacitance C¢ between the antenna turns.
Thus, the RFID tag operates as the transducer [68].

radio-frequency radiation of an RFID device. This allows the use
of RFID transponders as single-use sensors for disposable biore-
actors. Passive, battery-free RFID chips are directly applied inside
a bioreactor and sterilized as a combined system [62]. Figure 2
illustrates the sensing principle. The power is transferred via an
electromagnetic field of an external readout unit. Thus, no pen-
etration through the bioreactor wall is required. The antenna of
the RFID chip generates an electromagnetic field, which interacts
either directly with the cultivation broth or with a functionalized
sensing layer. Changes in the environment, such as conductivity
or impedance, result in a change of the resonance frequency that
can be analyzed with the readout unit. Since the transducing
principle is independent of the sensing element, RFID chips can
be used as a sensing platform for a variety of different param-
eters. Sensors for temperature and humidity, along with those
for gas detection (e.g., ethanol or n-propanol) have been de-
veloped [63]. Pioneering work in this field has been done by
Potyrailo et al. [60,64—67]. They presented passive RFID sensors
for physical, chemical, and biological sensing [68]. Furthermore,
a first study on RFID sensor performance in a disposable biore-
actor was performed [65]. In principle, RFID sensors are suitable
for large scale and low-cost production; however, no RFID sensor
is yet on the market [63].

4 Interface category 3: noninvasive interface

Sensors of Interface Category 3 allow a non-invasive connec-
tion of the sensing device to the SUB. Bioreactor temperature
and weight are usually measured on-line from the outside of
the single-use bioreactor (SUB) via surface-mounted resistance
temperature detectors (RTD) and scales integrated in the bag re-
tainer. Other sensors belonging to Category 3 are interfaced into
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a pre-sterilized disposable bioreactor via special sterile adaptors.
These adaptors are either optical windows or connector ports,
such as electrodes for impedance measurement. The connectors
are integrated into the plastic foil of the SUB during manu-
facturing and sterilized together with the reactor. Because the
adapter is transparent to the sensing wavelengths, the transmit-
ting and detection unit is decoupled from the element and can
be reused. This is essential for the use of sensor technology which
otherwise would be too costly for single-use applications. While
devices like ultrasonic sensors or free-floating sensor spheres do
not need any connecting adapter, the entire disposable reactor
must be transparent to the sensing wavelengths in this case as
well.

4.1 Optical sensors

Popular examples that rely on optical windows are pO,, pH,
and pCO, chemo-optodes, available for almost every disposable
bioreactor on the market. This interface is also very well suited
for spectroscopic sensors, because they need to be in direct op-
tical contact with the culture broth. However, no spectroscopic
system for disposable bioreactors is commercially available yet.
For future developments, several opportunities to integrate the
windows into the wall of the SUB are available, depending on
the measurement principle.

The simplest setup is an optical window, integrated into the
plastic wall of the bioreactor. The windows must be stable enough
to withstand the pressure from culture broth inside the reactor
and be highly polished on the surface in contact with the broth
such that no cell attachment can occur. Most important is their
ability to transmit light of the necessary wavelengths without any
optical interaction (reflection, absorbance, or filtering) caused
by the window material. For example, normal borosilicate (win-
dow) glass is not transparent to UV light, so quartz or sapphire
glasses must be used for those wavelengths.

The optical window must be modified further if there is a
need for absorption or transflection measurements, as is the
case for ultraviolet and visible light (UV/Vis) and infrared (IR)
spectroscopy. To create defined measurement spaces, a cham-
ber/cuvette setup could be installed on the inner side of the
SUB during manufacturing. A schematic overview of different
disposable optical reactor ports is shown in Fig. 3.

4.1.1 Optical chemosensors

Optical pH and pO, sensors can be considered standard equip-
ment for current single-use bioreactors because they allow non-
invasive operation of chemosensors. Usually, they are connected
to the readout unit via a reusable fiber optic that is inserted into
a sheath that leads to an optical window at its end. On the other
side of the window, inside the bioreactor, a disposable sensor
patch is mounted (Fig. 3A). This patch contains an immobilized
indicator dye.

Optical measurement of the partial pressure of oxygen is based
on the fluorescence quenching of an indicator molecular by oxy-
gen [69-71]. Oxygen-sensitive indicators are complexes of ruthe-
nium, palladium, or platinum; a widely used indicator is Tris-
4,7-diphenyl-1,10-phenanthrolin-ruthenium(II) [72, 73]. The
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fluorescent indicator is immobilized in an oxygen-permeable
polymer matrix such as silicone [71,74]. In contrast to conven-
tional amperometric sensors, optodes do not consume oxygen
during measurement, which allows their use in small volumes
and in diffusion-limited cases at low oxygen concentrations be-
low 5% [75]. Another very interesting system for noninvasive
measurement of the partial pressure of oxygen is shown by Gupta
etal. [76]. They demonstrated the measurement of oxygen con-
centration through the SUB wall itself. Oxygen diffuses through
special oxygen permeable vessel wall and becomes detectable by
optical oxygen sensors, placed outside the SUB wall.

Fiber-optic pH sensors are mostly based on pH-sensitive flu-
orescent indicator dyes. Frequently used indicators are based on
the on the structure of fluorescein and its derivatives or pyranine
like HPTS (8-hydroxy—pyrene-1,3,6-trisulfonic acid) [77, 78].
These indicators are immobilized on solid substrates or in poly-
mers that are mounted directly on transparent materials (e.g.,
reactor wall, glass) [72,79, 80]. Thus, the instrument setup is
similar to that for an oxygen optode. In comparison to single-
use electrochemical probes, pH optodes are less expensive but
suffer from cross sensitivity to ionic strength, a limited dynamic
range, and the loss of sensitivity during sterilization or cleaning
procedures [71,80]. To increase the dynamic range, Gupta and
Sharma [81] presented a long-range fiber optic pH sensor based
on evanescent wave absorption.

Most optical CO, sensors operate in the same way as the clas-
sical Severinghaus electrodes, which measure the change of pH
of an internal carbonate buffer system due to CO, presence. They
are typically based on the fluorometric or colorimetric changes
of pH-sensitive indicators that are added to the buffer system
and separated from the analyte solution by a CO,-permeable
membrane [82]. There have been many examples of this dispos-
able sensing systems [83—85]. The response time of the sensor
is in the range of minutes because the CO, diffusion through
the membrane is slow. Optical pCO, sensors suffer from the
same drawbacks as pH optodes, including low stability at high
temperatures [86].

Recently, Bradley et al. [87] published a biopharmaceutical
industry perspective, based on the results of a pharmaceutical
analytic roundtable meeting (PPAR) in 2015. The survey of ap-
plications reveals that there are still concerns that single-use —
especially pH — optodes are not robust enough for manufacturing
operation due to factors such as lot-to-lot variability, long equi-
libration times, unknown strength of signal drift, insufficient
data on leachables and extractable or difficulties recalibration
the transmitter.

4.1.2  Spectroscopic sensors
Spectroscopic analyses are based upon the interaction of
electromagnetic waves and molecules, molecular bonds, or
particles. Common spectroscopic methods for bioprocess mon-
itoring cover different spectral ranges from ultraviolet (UV) to
mid-infrared (MIR), including fluorescence and Raman spec-
troscopy. Within these spectral ranges, various bioprocess vari-
ables can be measured [88-105].

Spectroscopic sensors offer the advantage that no sampling
is needed (except for initial calibration) and there is essentially
no interaction between the sensor and analytes. Additionally

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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windows.

they can easily be multiplexed and deliver signals instanta-
neously [106]. While several different process variables can be
determined simultaneously in real time, elaborate chemometric
data analysis and data sets to train the algorithms are required for
spectroscopic bioprocess monitoring to extract relevant process
information from the generated data.

For reusable bioreactors, different probes for standard ports
are available, but for single-use bioreactors, optical ports must
be established to connect the spectroscopic hardware to the bio-
process. Each spectral technique has its own requirement for
successful, reproducible measurements, and therefore different
modifications of the optical interface have to be considered. For
all optical measurements, the influence of ambient light through
the transparent or translucent SUB wall has to be considered for
signal-to-noise ratio.

4.1.2.1  Fluorescence spectroscopy. Process-relevant molecules
like proteins with aromatic amino acids, NAD(P)H (correlated
with biomass), ATP, pyruvate, vitamins, pyridoxines, coenzymes,
and flavins are fluorescent [101,107-111]. Each fluorescent com-
pound has a specific pair of excitation and emission wavelengths
at which the signal is maximized, and these are easily detected
through an optical window.

Fluorescence probes can be attached to SUBs via UV-
transparent glass windows (Fig. 3B). Since fluorescence measure-
ment has no direction, measurement can be performed easily by
collecting light 180° from the input, simplifying the interface.

4.1.2.2  UV/Vis spectroscopy. UV/Vis spectroscopy operates
in the ultraviolet and visible light region (200-740 nm) to excite
the electrons of molecules. The observable transitions take place

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

at unsaturated bonds, such as in aromatics [100]. Different an-
alytes, substrates, metabolites, and products absorb light in this
range.

Because of the absorption measurement, it is necessary to
provide a defined measurement space with a known path length,
as described by the Lambert-Beer principle. Thus, to interface
this technology to single-use systems, a disposable in-line quartz-
cuvette or defined measurement chamber (Fig. 3C) are necessary.
This inner setup could be installed and pre-sterilized with the
whole reactor during manufacturing.

4.1.2.3  Infrared spectroscopy. Infrared (IR) spectroscopy uses
different spectral areas. Near infrared (NIR) spectroscopy is per-
formed at wavelengths from 740 to 1300 nm and mid-infrared
extends to 15 000 nm. Far infrared ranges start above 15 um
but this range is rarely used for bioprocess monitoring. IR light
excites different vibrational modes of molecules, whereby each
organic and inorganic compound has its special spectral IR sig-
nature. The more different vibrational modes can be excited, the
more specifically it is possible to determine an analyte [106,112].
IR spectroscopy is very fast, robust, and sensitive. Multi-analyte
information from the culture broth of bioprocesses can be ob-
tained on-line, in-line, and in a noninvasive manner, but there
are challenges in doing so as the complexity of the medium in-
creases. The high concentration of water molecules also poses a
challenge for NIR measurements.

NIR Spectroscopy: NIR spectroscopy is based on different
vibrational modes, overtone and combination vibrations after
excitation. Bioprocess relevant targets are the O-H bonds of
alcohols, C-H bonds of aliphatic and aromatic carbon com-
pounds, and N-H bonds of proteins. The NIR range is suitable for
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monitoring of substrates such as glucose and lactate, biomass,
and the products of a bioprocess [107]. As a result of the lower
energy of the NIR and the resulting overtone vibrations, the
bands are much broader, often overlapping, and not as spe-
cific as in MIR spectroscopy [113]. Thus, to obtain a higher
signal-to-noise ratio, a longer path length is used [106,113,114].
NIR spectroscopy has a more qualitative character, compared
to the more precise and quantitative MIR spectroscopy. Since
NIR probes measure in absorption mode, an inner setup with a
defined measurement space is required on the inside of the SUB
(compare to UV/Vis spectroscopy in Fig. 3).

MIR Spectroscopy: Process-relevant molecules such as glu-
cose, lactate, fructose, acetic acid, ammonia, and even antibod-
ies [106] have specific characteristic absorption spectra, known
as the molecular fingerprint of fundamental rotational vibrations
of functional groups. Despite the high degree of water absorp-
tion appearing in MIR spectra, in-line measurement in aqueous
solutions is possible using appropriate fiber-optic systems that
incorporate attenuated total reflection (ATR) technology and
Fourier transformation [98, 108]. Light reflection at the phase
boundary between the ATR crystal and bioprocess medium re-
sults in a very short (few um) path length. Information about
cells cannot be obtained because they are too large to enter the
measuring zone. The ATR crystal can be applied to disposable
systems at the inner side of the SUB and connected to exter-
nal equipment [14]. Due to the very high price of a diamond
ATR crystal, the use of this connection for disposable reactors is
unlikely.

An alternative is the use of ATR loops. A loop consists
of polycrystalline infrared fibers, which are non-toxic, very
flexible, and transparent across a broad spectral region from
3 to 18 um. Low-cost loops are available (e.g., Art Photonics,
Berlin, Germany) that could be located on the inside wall of an
SUB and connected to outer reusable equipment via fiber optics
(Fig. 3D).

4.1.2.4  Raman spectroscopy. Raman spectroscopy is based on
shifted wavelength scattering of molecules after excitation by
monochromatic light (e.g., from an adjustable laser) [13, 53].
Compared to IR spectroscopy, Raman spectroscopy has less in-
ference from water molecules in aqueous solutions and a high
signal-to-noise ratio, but is limited by the strong fluorescence
of biomolecules in the culture broth [13, 115]. However, several
analytes, including glucose, glutamine, glutamate, ammonia or
biomass, can be monitored [116, 117]. For bioprocess monitor-
ing, commercial versions of in-line Raman analyzers are on the
market that can be connected to standard reusable bioreactors
(e.g. Procellics™, Resolution Spectra Systems, Meylan, France).
It is likely that versions for SUBs will become available. To at-
tach Raman probes to single-use bioreactors, a special adaptor,
composed of a glass window without inner hardware, could be
used (Fig. 3B) because measurement of the light scattering takes
place at an angle of 180°.

4.2 Impedance spectroscopy

Electrical impedance spectroscopy enables the measurement of
the dielectric properties of materials. A sinusoidal alternating
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electrical field is applied between two electrodes. Inside the re-
actor, each viable cell is enclosed by a minimally conducting
cytoplasmic membrane, which separates the cytosol (containing
charge carriers) from the conductive growth medium. Due to
alternating characteristics of the applied field, cells behave like
small capacitors and become polarized. The electrical properties
of the cells in the measurement volume are described by the ca-
pacitance / electrical permittivity and conductivity, and can be
correlated to process variables.

Important parameters such as biomass concentration, cell
size, viability and cell membrane integrity can be analyzed.
Impedance spectroscopy operates in a noninvasive, label free
manner and can readily be miniaturized. In contrast to opti-
cal density measurement, only living cells with intact plasma
membranes significantly influence the observed electrical char-
acteristics [73, 118-120]. Air bubbles, non-biological particles,
and the ruptured cell membranes of dead cells do not affect the
measurement. Modern impedance sensors use frequency scan-
ning techniques in a range of 100 kHz to 20 MHz (dielectric
spectroscopy) to estimate cell size and volume in addition to
biomass concentration [118].

Currently, several sensors designed for standard bioreactors
ports are commercially available, and new approaches for appli-
cation in modern disposable reactor systems have been devel-
oped [121-123]. These systems require special connectors that
position the disposable electrodes inside the reactor because they
need to be in direct contact with the culture broth. The connec-
tors/ports are integrated into the SUB during production and are
sterilized together with the reactor by y-radiation. For measure-
ment, a reusable sensing device is connected to the electrodes via
the port and the signal is obtained by an external hardware unit.
To overcome this limitation, new sensor designs are in develop-
ment that can measure directly through the plastic wall of the
reactor without the need for a special connector. To accomplish
this, the generated electrical field must be strong enough to pass
through the SUB material while building up a sufficient electrical
field inside the culture broth. This can be accomplished by the
use of a high frequency coplanar transmission line as the sensor
instead of electrodes placed inside the reactor (Fig. 4) [124].

4.3 Ultrasonic sensors

Ultrasonic signals are widely used in industry and medicine. In
addition to the known applications such as medical imaging,
mixing, and emulsifying, information about bioprocesses can be
gathered by ultrasonic treatment. The principal parameters of
measurement are the velocity of sound, the attenuation of sound,
and the acoustic impedance. From these parameters, the chemi-
cal identity of pure liquids, the concentration of components in
pure and mixed solutions, and particle sizes can be determined.
The velocity of sound is calculated from the time difference
between different echoes over a known distance, or by measur-
ing the resonance frequency [125,126]. The attenuation of the
signal is measured by the analysis of the exponential decrease
of the echo amplitude. Attenuation and velocity are generally
measured simultaneously because the determination of veloc-
ity is not very accurate for complex, multi-component systems
such as fermentation broth. Extensive information about process
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planar coil

computing unit

plug on sensor
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Figure 4. Setup of an impedance spectroscopy sensor, without
the need for special connectors. Instead of two electrodes that
are in direct contact with the culture broth, a planar coil is placed
in direct contact to the outside of the SUB polymer wall. The
electric field generated by the coil is strong enough to build up
an electrical field inside the reactor, sufficient for measurement of
culture permittivity.

monitoring using ultrasound sensors is given by Henning and
Rautenberg [127] or Hauptmann [125].

Ultrasonic sensors are particularly suitable for disposable
bioreactors because they are noninvasive. Thus, the piezoelec-
tric transmitter and receiver can be placed outside of the reactor
without any modifications to the disposable bag itself (Fig. 5).
However, the location and orientation of the transmitter and
reflector/receiver are critical. Ultrasonic sensors do not involve
any moving parts, respond rapidly, have excellent long-term sta-
bility, and consume little power. Since the measurements are
influenced by physical parameters including temperature and
pressure, these must be monitored simultaneously to ensure
meaningful data from an ultrasonic sensor. Air bubbles can
also cause problems during measurement. Moreover, knowledge
of the acoustic properties of the substances through which the
sound is traveling is necessary [125].

Becker et al. [128] presented a noninvasive method based on
ultrasonic velocity measurement for the determination of density
during beer fermentation. Stanke et al. [129] developed a method
for automated sonic velocity calculations for on-line process
monitoring. The use of ultrasonic waves for analytical protein
monitoring was evaluated by Holz et al. [130]. Beyond that,

Input Signal

Reflector/Receiver
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ultrasonic on-line monitoring of cell mass in microbial, yeast and
mammalian cultivation has been demonstrated [131-133]. Cha
et al. [134] showed that there is a linear correlation between the
ultrasonic velocity and the concentrations of biomass, ethanol,
and glucose during the cultivation of Saccharomyces cerevisiae.
They developed several multivariate data analysis methods to
derive quantitative information about the bioprocess on-line.

4.4 Free-floating wireless sensors

Recently, sensors have been developed that do not require any
physical connection through the reactor bag but transmit data
from wireless sensor spheres or capsules that float in the cul-
tivation broth [135]. Spheres to determine fluid dynamics are
described in detail by Zimmermann et al. [136, 137], and sen-
sor spheres to measure temperature, conductivity, pH, pressure
and turbidity are also commercially available (e.g., smartCAPS,
smartINST, Lyon, France). The shell of the sphere is made of
sterilizable polyether ether ketone and is composed of onboard
electronics, a battery, and the corresponding sensing element.
The sensing element can take several forms, including ISFET
technology with integrated reference electrode for pH measure-
ment or LED/photodiode for turbidity monitoring. The data of
every sphere is transmitted wirelessly to an external readout unit
in real time.

Sensors floating in the cultivation broth offer the advantage
that their flow follows the fluid so that any effects caused by
the position of the sensor are eliminated. These sensors could
be included in the SUB during production and can be delivered
pre-sterilized as well as pre-calibrated. However, their steriliza-
tion has only been reported for steam and ethylene oxide pro-
cedures. y-radiation, used for sterilization of disposable biore-
actors, might be problematic as it could damage the complex
electronics.

5 Conclusions and outlook

Bioprocess monitoring in single-use equipment needs novel sen-
sors for better process understanding and optimization. Al-
though numerous sensor systems for bioprocess analysis are
available, few have been adapted to disposable reactors to date.
Single-use systems offer new application options for sensor

A
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Figure 5. Schematic setup of an ultrasonic sensor for single-use bioreactors.
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technologies that are already available, but were difficult to apply
to classical bioreactors (e.g., biosensors). In particular, nonin-
vasive setups, such as ultrasonic or spectroscopic sensors, are
favorable for transfer to disposable applications. Wireless tech-
nologies, including RFID chips or free-floating sensor spheres,
do not need any penetration through the reactor bag and thus
have a great potential for future applications. Although simple
translation of the novel sensors into classical systems is desired
by the industry [87], it should be considered that new technolo-
gies offer the chance for improved or completely revised sensor
implementation. This would allow the development of new, in-
novative reactor layouts and user interfaces. While scientists must
further improve the accuracy, reproducibility, and durability of
the sensor systems, device and SUB manufacturers should work
together to develop standard interfaces, communication proto-
cols, and the development of plug-and-play devices. Critical to
this development is the willingness of industry to adopt new
technologies.

The authors have declared no conflict of interest.
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