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KURZFASSUNG 

Im Rahmen dieser Dissertation wurde ein neues Messverfahren zur selektiven Aufnahme 

von Spektren von biologischen Zellen in Suspension im mittleren Infrarot (MIR) entwickelt. 

MIR Messungen mittels abgeschwächter Totalreflexion (ATR) wurden dazu mit Ultraschall-

Partikel-Manipulation kombiniert. Ein Ultraschall-Aufsatz wurde entworfen, ein Prototyp 

gefertigt und mit einer speziell angefertigten ATR Sonde kombiniert. Mit dieser ultraschall-

gestützten ATR Sonde konnten Spektren von Saccharomyces cerevisiae in Suspension 

erfolgreich off-line aufgenommen werden. Mit den gewonnen Erkenntnissen wurde ein 

weiterer Prototyp entworfen und gefertigt, der zum Einsatz in situ in einem Bioreaktor 

geeignet war. Dieser wurde mit einem kommerziellen Prozessspektrometer kombiniert 

welches mit einer faser-optischen in-line ATR Sonde ausgestattet war. Mit diesem Aufbau 

konnten, nach bestem Wissen der Autorin, zum ersten Mal Spektren von Zellen in einem 

gerührten, begasten Bioreaktor aufgenommen werden. 

Die Änderung der Polysaccharidzusammensetzung von S. cerevisiae konnte off-line 

quantifiziert werden. Durch eine gezielt herbeigeführte Stickstoff-Limitation 

akkummulierten die Zellen Trehalose und Glykogen. MIR Spektren von gewaschenen, 

getrockneten Zell-Proben wurden mit einem Infrarotmikroskop aufgenommen, diese 

konnten mittels Partial Least Squares Regression (PLS-R) auf Referenzwerte aus 

nasschemischen Verfahren und High Pressure Liquid Chromatography kalibriert werden 

(root-mean-square Kreuzvalidierungsfehler: 0.33 % Trockengewicht (%DW) für Trehalose, 

0.55 %DW für Glykogen und 1.17 %DW für Mannan). Mit der neu-entwickelten ultraschall-

gestützten faser-optischen ATR Sonde und Hauptkomponentenanalyse konnten ähnliche 

Änderungen in den Spektren der Zellen in der Fermentationsbrühe in-line verfolgt werden. 

Durch die simultane Änderung der Biomassekonzentration und des Polysaccharidgehalts 

der Zellen war eine quantitative Bestimmung der Analyten aus in-line Spektren nicht 

möglich. 

Darüber hinaus wurde die Eignung von Stand-der-Technik-MIR-Instrumentierung für die 

in-line Quantifizierung von im Medium gelösten Stoffen untersucht. Am Beispiel von 

Penicillium chrysogenum Fermentationen wurden PLS-R und multivariate curve resolution 

– alternating least squares (MCR-ALS) für die quantitative Bestimmung von 

Phenoxyessigsäure und Penicillin V verwendet. Die beiden Methoden ergaben 

vergleichbare Kalibrationsmodelle mit Detektionsschwellen im niedrigen g L-1 Bereich. Für 
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MCR-ALS Modelle benötigt man mehr Wissen über den Prozess als für PLS-R, die 

Selektivität der MCR-ALS Modelle kann jedoch durch den Vergleich der errechneten “pure 

component” Spektren mit gemessen Referenzspektren leichter überprüft werden. Im 

gleichen biologischen System wurden eine faser-optische und eine Sonde mit einem 

optischen Conduit simultan verwendet um Spektren in-line aufzunehmen. Die PLS-R 

Modelle für die beiden oben erwähnten Analyten waren von vergleichbarer Qualität, die 

Conduit-Sonde wies jedoch eine höhere Stabilität (Spektrum-zu-Spektrum-Änderungen) 

und ein besseres Signal-Rausch-Verhältnis auf. 
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ABSTRACT 
In this thesis two techniques, attenuated total reflection (ATR) mid-infrared (mid-IR) 

spectroscopy and ultrasonic particle manipulation, were successfully combined for the 

acquisition of mid-IR spectra of cells in suspension. A prototype ultrasound accessory was 

designed, realized and combined with a custom fiber optic ATR probe. The working 

principle was successfully tested off-line with suspensions of Saccharomyces cerevisiae. A 

second prototype fit for use in a semi-industrial bioprocess environment was designed and 

built. It comprised the optimized ultrasound accessory and a commercial process 

spectrometer equipped with an in-line fiber optic ATR probe. Using this instrumental 

development, to the best of the author’s knowledge, mid-IR spectra of cells inside a stirred, 

aerated bioreactor could be successfully recorded for the first time.  

Changes of the carbohydrate content of S. cerevisiae undergoing nitrogen-limited growth, 

i.e. the accumulation of trehalose and glycogen, could be followed quantitatively off-line. 

Mid-IR spectra of washed, dried cells were recorded and analyzed by partial least squares 

regression (PLS-R) with reference values obtained by wet chemistry and liquid 

chromatography (root-mean-square error of cross validation: 0.33 % dry weight (%DW) 

for trehalose, 0.55 %DW for glycogen, and 1.17 %DW for mannan). Similar spectral changes 

could also be observed in-line using the novel ultrasound enhanced fiber optic ATR probe 

and principal components analysis of spectra of cells present in the fermentation broth. 

Quantification of the analytes proved to be difficult because changes in biomass and in the 

carbohydrate content occurred simultaneously, and this correlation could not be broken. 

Complimentary, the applicability of state-of-the-art mid-IR technology for quantitative 

analysis of solutes in-line was explored. On the example of Penicillium chrysogenum 

fermentations, PLS-R and multivariate curve resolution-alternating least squares (MCR-

ALS) were applied for the simultaneous determination of penicillin V and phenoxyacetic 

acid. The obtained results show that models are of comparable quality with LODs in the low 

gL-1 range. MCR-ALS requires more process knowledge than PLS-R, but provides an 

objective assessment for model validity by comparison of the calculated pure component 

with the respective reference spectra. Using the same biological system, a fiber optic and a 

conduit ATR probe were simultaneously applied in-line. No significant difference in 

performance for quantification of the two analytes by PLS-R could be found. However, 

higher spectrum-to-spectrum stability and better signal-to-noise were found for the optical 

conduit set-up. 
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1 INTRODUCTION 

1.1 Aim and scope of this thesis 

The aim of this thesis was to explore and expand the potential of mid-infrared (mid-IR) 

spectroscopy for bioprocess monitoring. This included two major aspects: development and 

realization of an experimental strategy capable of measuring mid-IR spectra of cells in real 

time in-line and assessment of state-of-the-art technology for quantitative in-line analysis 

of solutes. 

- Combination of ultrasonic particle manipulation with mid-IR fiber optic probe 

(ultrasound enhanced ATR probe). The combination of acoustic particle 

manipulation, a gentle, non-contact particle manipulation technique, and ATR 

(attenuated total reflection) spectroscopy was realized and investigated for its 

applicability to record mid-IR spectra of cells in suspension. A prototype ultrasound 

enhanced in-line ATR probe was successfully applied for selective acquisition of 

spectra of cells in a stirred suspension (Publication I). 

- Dedicated in-line ultrasound enhanced ATR probe. Based on the expertise 

gained, a rugged in-line applicable ultrasound enhanced ATR probe was designed 

and realized. For this purpose, a small, robust, process spectrometer and fiber optic 

probe were combined with an in-house developed and optimized ultrasound 

accessory. 

- Investigation of quantification of cellular composition by mid-IR 

spectroscopy. Mid-IR spectroscopy was investigated as a tool for identification of 

different cell constituents, on the example of different carbohydrates in 

Saccharomyces cerevisiae (trehalose, glycogen, mannan, glucose). For this purpose 

spectra of dried cells were recorded in transmission with a high-end laboratory 

mid-IR spectrometer for optimal signal-to-noise (Publication II). 

- Application of the ultrasound enhanced ATR probe for in-line cell monitoring. 

Verification of the accessibility of the characteristic spectral changes in cell spectra 
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by the developed in-line measurement technology. Investigation of increased 

experimental difficulties due to measurement in water (high spectral background) 

and reduced signal-to-noise due to the demanding process environment 

(Publication III). 

- Assessment of state-of-the-art ATR probes & chemometrics: The potential of 

in-line mid-IR spectroscopy for real-time quantification of precursor and product in 

monitoring was investigated using a fiber optic ATR probe and two chemometric 

methods, multivariate curve resolution – alternating least squares (MCR-ALS) and 

partial least squares – regression (PLS-R) for calibration (Publication IV). The 

performance of a fiber optic and an optical conduit ATR probe for bioprocess 

monitoring were compared (Publication V). 

1.2 Process analytical technology – PAT 

“Quality cannot be tested into products; quality should be built in by design” 

- Food and Drug Administration (FDA), 20041 

The following introduction to PAT (Process Analytical Technology) is based on the book 

chapter “Industrial Perspectives” by Kandelbauer et al. in “Part One: Process Control and 

Quality Assurance” of the Handbook of Biophotonics2. They give a comprehensive 

introduction to the terminology and the motivation behind PAT, review the guidelines 

published by relevant regulatory authorities and describe PAT toolboxes for process 

understanding. They highlight the value of optical spectroscopy techniques as PAT tools, as 

they are applicable to a wide range of processes by choosing the respective appropriate 

wavelength regime and allow physical and chemical insight into the process. 

The classic approach to quality control in (pharmaceutical) industrial manufacturing 

processes is to test randomly drawn samples of the final product for compliance with 

predefined quality criteria. The process itself is conducted according to a strict set of 

routine process parameters that have previously been approved by the authorities, e.g. the 

FDA or EMEA (European Medicines Agency). As most pharmaceutical and biotechnological 

products are produced in batch mode, a whole batch has to be discarded if compliance is 

not met. This is cost-intensive and inefficient, since the reason for the deviation in product 

quality cannot be identified by testing product quality only. Furthermore, innovation is 
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hindered by the current regulation that even minor changes to process parameters require 

re-approval of whole process. 

In 2004 the FDA released its industrial guidance “PAT – A Framework for Innovative 

Pharmaceutical Development, Manufacturing and Quality Assurance”1 as part of its PAT 

initiative. Here, PAT is defined as “… a system for designing, analyzing, and controlling 

manufacturing through timely measurements (i.e., during processing) of critical quality and 

performance attributes of raw and in-process materials and processes, with the goal of 

ensuring final product quality. It is important to note that the term analytical in PAT is 

viewed broadly to include chemical, physical, microbiological, mathematical, and risk 

analysis conducted in an integrated manner.” (Ref. 1, p. 4). The guidelines are aimed at 

encouraging industry to develop and use PAT tools for identification and monitoring of 

critical process parameters (i.e. parameters that have a strong influence on product quality). 

Through process analysis a greater understanding of the connection between the critical 

process parameters (the cause) and the quality parameters of the final product (the effect), 

i.e. causality, is sought. With this knowledge, the approval of rigid process parameters is no 

longer necessary; a wider parameter space can be defined. Within this parameter space, 

product quality can be assured by monitoring critical process parameters using suitable 

PAT tools. This is especially advantageous in processes where raw materials are subject to 

variation (e.g. lot-to-lot variability of natural products): knowing the connection between 

quality of the raw material(s) and the product, process parameters (e.g. the amount of raw 

material added, temperature, …) can be selected that lead to the desired product quality. 

In order to measure process parameters, a suitable mode of sampling from the process 

line/vessel has to be chosen. Measurements can be performed: 

- off-line: A sample is withdrawn and analyzed using a laboratory analyzer (usually 

high selectivity and sensitivity, however limited robustnessi) at a physical distance 

from the actual process environment. Therefore, results are only available after a 

delay and are of little to no use for process control. (They may still deliver valuable 

information for process analysis and process understanding.) 

                                                             
i Here robustness signifies the measurement’s and the device’s ability for tolerating perturbation induced by the 
potentially harsh process environment. 
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- at-line: A sample is withdrawn and analyzed in close proximity to the process line – 

the analyzers used have to be more rugged than laboratory analyzers (often at the 

cost of selectivity and sensitivity). 

- on-line: A sample is automatically withdrawn from the process and transported to 

the analyzer. Analysis can be done in continuous mode or at tight time intervals. 

The measured sample is either fed back into the process (bypass system), or - if 

sample preparation, e.g. dilution, is necessary - discarded. 

- in-line or in situ: A probe is introduced into the reactor vessel and brought in 

contact with the sample; measurements are performed inside the process vessel on 

the unaltered process liquid/gas/solid. The probe and the analyzer need to be 

robust regarding the process environment and cleaning-in-place (CIP) or steam-in-

place (SIP)ii routines, especially when used for monitoring bioprocesses3. 

The four different measurement types are illustrated in Figure 1. Since “timely 

measurements” are of major importance, in-line and on-line sampling are preferable to 

at-line and off-line sampling as PAT. Even though the FDA guidelines are aimed at 

pharmaceutical manufacturing, they can and should be applied to other chemical and 

biological processes, e.g. fermentations. 

 
Figure 1: The different sampling strategies: Off-line (analyzer at a distance from the process in a 
laboratory environment) and at-line (analyzer in the process environment) (a), on-line (b), and in-line 
measurements (c). 

The following paragraphs focus on the state-of-the-art of and the use of FT-IR (Fourier-

transform infrared) spectroscopy as PAT for fermentation monitoring. A number of 

chemical and physical parameters are routinely monitored on- and in-line during 

                                                             
ii SIP is the process of sterilizing the process vessel/line usually achieved by subjecting it to high pressure 
saturated steam (commonly 121° to 130°C). Treatment with hot base or acid is often used for CIP.3 
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fermentations. These include pH, off-gas composition, pO2iii, temperature, stirrer speed, 

volume, etc. Other chemical parameters, e.g. product concentration, substrate composition, 

and biological parameters like biomass, viability, and genetic and metabolic information, 

are typically measured at-line or off-line. One commonly employed at-line or on-line 

analysis method is UV/Vis (ultraviolet/visible) absorption spectroscopy (typically 200 – 

700 nm), which is based on the measurement of electronic transitions in molecules. 

Standard applications are the determination of biomass by optical density measurements at 

600 nm (OD600), quantification of media components, e.g. glucose, ammonia, etc., by 

colorimetric analysis of enzymatic reactions, or determination of extracellular protein at 

280 nm. Note that most of these analyses are not multivariate, i.e. only use a single 

wavelength of the spectrum. By observing chemical and biological parameters, conclusions 

about the state of the fermentation and thus the cells or microorganisms can be drawn. 

Obtaining such data often requires time-consuming sample preparation, furthermore, 

changes in the cellular environment caused by sampling can lead to changes in the 

biochemical composition due to fast metabolic responses. The interested reader is referred 

to Pohlscheidt et al.3 for a more detailed insight into routinely employed probes and 

sensors and the use of in-line and on-line acquired data for soft-sensors and first-principle 

models, e.g. by choosing appropriate constraints when building MCR-ALS modelsiv.  

The currently observed parameters and their use for process control are mainly based on 

experience and not on an understanding of the underlying principles. Hence, there is a need 

for the development of PAT tools aimed at obtaining biological and chemical information in 

real-time during fermentations. Optical spectroscopies are especially suitable as PAT tools 

for bioprocesses as they can give chemical and morphological information on the process. 

Depending on the wavelength range used, different properties can be investigated, often 

noninvasively and without the need for sample preparation. Vibrational spectroscopies, i.e. 

IR and Raman spectroscopy, give insight into the chemical composition of the sample under 

investigation by probing their vibrational energy levels. Different in-line probes are 

available and multivariate data analysis is commonly employed. Apart from the 

quantification of media components and desired products, these techniques cannot only 

                                                             
iii Partial pressure of oxygen, also referred to as dissolved oxygen. 
iv A soft-sensor, abbreviation for software sensor, uses real-time data to estimate a parameter that cannot be 
measured directly. First-principle models use a priori knowledge about the process, i.e. fundamental laws like 
mass conservation and stoichiometric balances, to estimate performance parameters. 
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help to identify undesired by-products, but also to identify the reason for their production. 

In a second step this knowledge can be used to identify deviations from the planned 

process conditions before the by-product is produced by adjusting process parameters 

accordingly (feed forward instead of feed-back quality control). 

This thesis focuses on FT-IR spectroscopy in the mid-IR range as a powerful PAT 

technology. Mid-IR spectroscopy gives molecular specific information on the sample under 

investigation, as each molecule leads to a specific, characteristic absorption pattern. It 

requires little to no sample preparation and allows for the fast, simultaneous, 

determination of several analytes given proper chemometric calibration methods. Mid-IR 

spectroscopy can be used for the determination of media components and extra-cellular 

products and analysis of the biochemical composition of the cells or microorganisms 

themselves (the state-of-the-art use of FT-IR spectroscopy for these purposes is given in 

chapters 2.1 and 2.2, pages 33 ff.). It is thus a method of great potential for bioprocess 

analysis that can be used in an at-line, on-line, and in-line mode. 

1.3 Mid-Infrared Spectroscopy 

The following brief introduction to vibrational spectroscopy, with a focus on mid-IR 

spectroscopy, is guided by the comprehensive introduction given by Peter R. Griffiths in the 

Handbook of Vibrational Spectroscopy4. 

Vibrational spectroscopy is based on measuring the vibrational and rotational energy levels 

of molecules. The number of different ways that a molecule can vibrate (e.g. bending, 

stretching, scissoring of atoms), i.e. the number of vibrational modes, depends on the 

structure of the molecule and the number of atoms, N, in it. A linear molecule, e.g. CO2, has 

3N-5 degrees of vibrational freedom (or modes), while a non-linear molecule has 3N-6 

degrees of vibrational freedomv. The vibrational energy levels range from relatively simple 

bands for two-atom molecules to complicated patterns for larger molecules. 

The displacement of the atoms can be approximated as a harmonic oscillator: the atoms 

vibrate at a characteristic frequency 𝜈𝜈𝑖𝑖 at each mode i. The possible energy levels 𝐸𝐸𝑛𝑛 of a 

single mode of a quantum-mechanical harmonic oscillator are described by Equation (1). 

                                                             
v Every molecule has 3N degrees of freedom, here, the three (two for a linear molecule) degrees of freedom for 
translation along the x-, y-, and z-axis and for rotations around these axis are subtracted. 
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Here ℎ  is Planck’s constant vi  and 𝑛𝑛  is the vibrational quantum number (first-order 

approximation). This harmonic approximation is valid for lower vibrational quantum 

numbers and transitions are restricted to Δ𝑛𝑛 = ±1; when higher states (i.e. energy levels) 

are reached and the displacement of the atoms becomes larger, an anharmonic potential 

like the Morse-potential describes the energy levels more accurately (second order 

approximation; Equation (2)). 

Here, χ represents the anharmonicity constant. In the anharmonic case, transitions with 

Δ𝑛𝑛 = ±1, ±2, ±3, … are allowed, giving rise overtone bands and combination transitions. 

A transition between two vibrational states can be induced by absorption of 

electromagnetic radiation, if the energy difference between these two states corresponds to 

the energy E of the incident radiation. The energy of an electromagnetic wave is dependent 

on its frequency 𝜈𝜈 multiplied by Planck’s constant ℎ (Equation (3)). 

The frequency 𝜈𝜈 is given in units of Hertz (Hz, s-1); vibrational energies are usually given in 

wavenumbers 𝜈𝜈� . Wavenumbers are wavelengths 𝜆𝜆  per unit length. In vibrational 

spectroscopy centimeters are usually the unit length, thus the units are given in cm-1. 

Equation 3 can be rewritten as: 

The energy difference of fundamental transitions, i.e. from ground state (n = 0) to the first 

excited state (n = 1), corresponds to electromagnetic radiation in the mid-IR range (4000 – 

400 cm-1 or 2.5 – 25 µm, i.e. 50 – 500 meV) for most vibrational modes. Overtone and 

combination bands correspond to energies in the near-infrared (NIR) spectrum (14000 – 

4000 cm-1 or 0.8 - 2.5 µm, i.e. 500 – 1500 meV) and are usually less intense than 

                                                             
vi ℎ = 6.62607004 × 10−34 𝐽𝐽 (𝑚𝑚2𝑘𝑘𝑘𝑘 𝑠𝑠−1) 

 𝐸𝐸𝑛𝑛 = ℎ𝜈𝜈 �𝑛𝑛 +
1
2
� (1) 

 𝐸𝐸𝑛𝑛 = ℎ𝜈𝜈 �𝑛𝑛 +
1
2
� + ℎ𝜈𝜈𝜈𝜈 �𝑛𝑛 +

1
2
�
2

 (2) 

 𝐸𝐸 = ℎ𝜈𝜈 (3) 

 𝐸𝐸 = ℎ
𝑐𝑐
𝜆𝜆

= ℎ𝑐𝑐𝜈𝜈� (4) 
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fundamental transitions. Functional groups of molecules therefore have distinct, 

characteristic absorption bands in the mid-IR range, making identification of compounds 

and structure characterization of molecules possible. 

For absorption of infrared light, the molecular vibration needs to lead to a change in dipole 

moment of the whole molecule; a permanent dipole is not a necessary prerequisite though. 

The second method vibrational spectroscopic method, Raman spectroscopy, also probes 

vibrational levels of molecular bonds, however, by inelastic scattering of higher-energy 

photons (from the UV to NIR). For Raman scattering, a change in the polarizability 𝛼𝛼 of the 

molecule is necessary; a molecule’s polarizability is a measure for the tendency of its 

electron cloud to distortion by external electrical fields. IR and Raman spectroscopy are 

complimentary, as under certain conditions, transitions that are forbidden in Raman 

scattering are allowed in IR absorption and vice versa. In practice, most transitions may be 

observed by both techniques, however, at different intensities. 

Specific wavenumber regions in an IR absorption spectrum can be attributed to modes of 

specific functional groups in organic molecules (e.g. –OH, -CH2, C=O, …). These modes stem 

from large displacements of only a few atoms, while the rest of the molecule is basically not 

involved in the vibration. Other modes involve movement of several atoms in the molecule 

and lead to absorption bands characteristic of the molecule itself. These bands are usually 

located between 1600 and 500 cm-1 (this range is therefore often referred to as the 

fingerprint region) and allow for differentiation between molecules that contain similar 

functional groups. For biological cells, as investigated in this thesis, the most interesting 

wavenumber region lies between approximately 1900 and 800 cm-1 (sometimes referred to 

as the bio-fingerprint region, see also chapter 2.2 Mid-IR spectroscopy of microorganisms , 

pages 40 ff.). 

As a type of absorption spectroscopy, IR spectra can be evaluated quantitatively as the 

absorption follows Beer’s law (sometimes also Beer-Lambert law). Beer’s law relates the 

absorbance A of a sample consisting of only one molecular species with the molar decadic 

absorption coefficient 𝜀𝜀 (m2 mol-1), the concentration 𝑐𝑐 (mol m-3) and the length 𝑑𝑑 (m) of 

light interaction with the sample (Equation (5)). Experimentally, the absorbance is 

determined by measuring the intensity of light 𝐼𝐼0(𝜐𝜐�) that reaches the detector without the 
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sample in place, i.e. the background or reference channelvii, and the intensity of light 𝐼𝐼(𝜐𝜐�) 

that reaches the detector when the sample is in place, i.e. the sample (channel); these 

intensity spectra are also referred to as single beam spectra. For low concentrations and 

assuming no interaction between molecular species Beer’s law is additive; for a mixture of 

𝑛𝑛 molecules, it can be calculated as the sum of the respective absorbance of each molecular 

species (Equation (6)). 

For small molecules in the gas phase at low densities IR absorption bands consist of many 

narrow lines. They stem from a large number of transitions between the rotational-

vibrational energy levels. In the condensed phase, these bands are broadened due to 

intermolecular interactions. For liquid samples it is therefore sufficient to record spectra 

with a resolution of 4 or 8 cm-1. On the other hand due to the broadening of the bands it is 

harder to differentiate between different molecules in mixture, as these bands tend to 

overlap. For these data, univariate analysis of spectra, i.e. using absorption values at a single 

wavenumber, is usually not sufficient. Multivariate approaches like principal component 

analysis (PCA), which can be used to identify spectral regions with the greatest variation 

within a set of spectra, or partial least squares regression (PLS-R), which allows for 

quantification of analytes of interest, have to be employed. An introduction to the 

chemometric methods used in the course of this thesis can be found in Chapter 1.4 (page 

16 ff.). 

1.3.1 Infrared spectroscopic measurement principles for condensed phase samples 

Mid-IR spectra of condensed phase samples can be acquired in transmission, transflexion 

(double transmission), or reflection mode, respectively, or by attenuated total reflection 

(ATR) spectroscopy. The following paragraphs concentrate on transmission and ATR 

measurements (Figure 2), as these were the major focus of this thesis. A short overview of 

                                                             
vii The reference channel (reference single beam spectrum) takes into account the transmission characteristics 
of the spectrometer (or measurement set-up) itself. 

 𝐴𝐴(𝜐𝜐�) = 𝜀𝜀(𝜐𝜐�) ∙ 𝑐𝑐 ∙ 𝑑𝑑 = −log
𝐼𝐼(𝜐𝜐�)
𝐼𝐼0(𝜐𝜐�)

 (5) 

 𝐴𝐴𝑛𝑛(𝜐𝜐�) = � 𝜀𝜀𝑖𝑖(𝜐𝜐�) ∙ 𝑐𝑐𝑖𝑖 ∙ 𝑑𝑑
𝑛𝑛

𝑖𝑖=1
 (6) 
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the respective measurement principle is given and typical realizations of experimental 

set-ups are presented. 

 
Figure 2: The two main measurement principles used for mid-IR spectroscopy of condensed phase 
samples. 

In transmission mode, the intensity of the light after it has interacted with the sample is 

compared to the intensity of the incident beam (Figure 2, left). Solid (powdered) samples 

can be ground up and mixed with potassium bromide (KBr), a material that has no 

absorption lines within the mid-IR range; this mix is subsequently pressed into a disk shape 

and measured in transmission. For liquid samples, e.g. analytes of interest in solution, flow–

through cells comprising of two slides with low IR absorption, e.g. calcium fluoride (CaF2) 

or zinc selenide (ZnSe)viii, held at a fixed distance using a spacer (usually Teflon) (Figure 3) 

are used. To take the reflection and absorption of the windows into account, the intensity of 

the IR-beam passing through the cell filled with the pure solvent is used as background 

𝐼𝐼0(𝜐𝜐�). When dealing with aqueous samples, the high absorption cross-section of water has 

to be taken into account. Comparison of normalized single beam spectraix of air and of H2O 

in a 12 µm thick flow through cell (Figure 4) shows that this (short) interaction path length 

is enough for total absorption around 1645 cm-1 (O-H-O bending vibration)and between 

3000 and 3600 cm-1 (symmetric and asymmetric O-H stretch). The two minima around 

2350 cm-1 visible in the single beam spectrum of water are due to the ambient CO2 and the 

numerous small, fine bands between approximately 1350 and 2000 cm-1 in the single beam 

spectrum of air are caused by the vibrational rotational energy levels of water vapor, i.e. the 

                                                             
viii KBr is freely soluble in water and therefore generally unsuitable for measurement of liquids. 
ix Due to the low IR absorption of air, the aperture of the spectrometer had to be closed to 2 mm so as to not 
saturate the MCT detector, while it needs to be completely open (6 mm) for transmission through the 12 µm 
flow cell filled with water. Therefore, the absolute intensity values are not comparable, but a qualitative 
assessment of the transmission characteristics is possible. 
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ambient humidity. The decrease in intensity below 1000 cm-1 is due to absorption of the 

CaF2 windows. When dealing with biological samples, clogging and fouling of such short 

path length-flow-through cells can become a problem (proteins tend to stick to the 

windows). 

 
Figure 3: Flow-through cells as used for IR spectroscopy of liquid samples: Top view (a) and cross 
section (b). The flow-through cell can either be filled using a syringe or sample delivery can be 
automated with a pump (e.g. peristaltic pump). 
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Figure 4: Single beam spectra (i.e. 𝑰𝑰(𝝂𝝂�)) of the empty sample compartment (i.e. air, black line) recorded 
with an aperture of 2 mm and of a 12 µm flow cell filled with H2O (blue line) recorded with an aperture 
of 6 mm. 

An alternative approach is drop-drying, i.e. placing a drop of defined volume (micropipette) 

onto an IR-transparent slide and letting the aqueous phase evaporate. The solid residue can 

then be measured in transmission with a focused IR-beam (Figure 5); typically an IR 

microscope is used. The advantages of this approach are extended spectral coverage and in 

general improved signal-to-noise. This method is the standard approach for the acquisition 

of mid-IR spectra of cells. For high-throughput analysis and increased reliability using this 

method, Bruker Optics offers a dedicated accessory for their spectrometers: the HTS-XT 

(high-throughput screening extension). Here, the samples are deposited into 96- or 384-

well micro(titer)plates with IR transparent bottoms and, after a drying step, they are 

automatically measured. These techniques, however, are limited to at-line and off-line 

measurements, flow cells furthermore allow for on-line measurements. In-line 

measurements are not possible using either method. 
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Figure 5: Schematic of transmission measurements of dried liquid samples. 

The method of choice for aqueous samples is ATR spectroscopy5. ATR spectroscopy is 

based on the fact that for incident angles 𝜗𝜗𝑖𝑖 greater than a critical incidence angle 𝜗𝜗𝑐𝑐, light is 

totally reflected at the interface between a medium with high refractive index 𝑛𝑛1 and low 

refractive index 𝑛𝑛2 (Figure 6a). The critical angle 𝜗𝜗𝑐𝑐 can be derived from Snell’s law 

(Equation (7)x) by setting the angle of the transmitted beam 𝜗𝜗𝑡𝑡 to 90° (thus sin𝜗𝜗𝑡𝑡 = 1) and 

solving for 𝜗𝜗𝑐𝑐 (Equation (8)). The higher 𝑛𝑛1 is compared to 𝑛𝑛2, the smaller 𝜗𝜗𝑐𝑐 becomes, and 

total reflection can be achieved over a wider range of incidence angles. 

The z-component of the electric field 𝐸𝐸 of the totally reflected wave penetrates into the 

medium with lower refractive index and is referred to the evanescent field of the wave. The 

evanescent field decays exponentially and typically penetrates into the medium of lower 

refractive index in the order of magnitude of a wavelength. For practical purposes the 

penetration depth 𝑑𝑑𝑝𝑝 of the exponentially decaying wave is defined as the length (i.e. depth) 

after which its initial amplitude 𝐸𝐸0 has decayed to 𝐸𝐸0 𝑒𝑒� , 10F

xi i.e. to approximately 36% of its 

                                                             
x Note that the refractive indices, and thus 𝜗𝜗𝑡𝑡 , is dependent on the wavelength 𝜆𝜆 of the light (according to the 
dispersion relation of the respective material).  
xi Theoretically, an exponentially decaying wave does not become zero until infinity. Practically, only 
contributions from interactions with analytes close to the interface have a significant impact on the absorption 
pattern. 

 𝑛𝑛1 sin𝜗𝜗𝑖𝑖 = 𝑛𝑛2 sin𝜗𝜗𝑡𝑡 (7) 

 𝜗𝜗𝑐𝑐 = sin−1
𝑛𝑛2
𝑛𝑛1

 (8) 
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initial value (Figure 6b). 𝑑𝑑𝑝𝑝 is directly proportional to the wavelength 𝜆𝜆 of the incident light 

and depends on the refractive indices of the ATR element and the sample, 𝑛𝑛1 and 𝑛𝑛2, 

respectively, and the angle of incidence 𝜗𝜗𝑖𝑖: 

 
Figure 6: a) Light is refracted at the interface of a medium with a higher refractive index n1 and a 
medium with a lower refractive index n2 (dashed line, Snell’s law). When a critical angle 𝝑𝝑𝒄𝒄 is exceeded, 
the incident light is totally reflected at the interface (solid line). b) The penetration depth dp of the 
evanescent wave, the z-component of the electric field of the totally reflected wave.  

Typical materials used as ATR element for mid-IR spectroscopy are germanium (Ge), ZnSe 

and diamond6; in this work, diamond ATR elements were used because of their chemical 

and mechanical robustness. For total reflection at the interface of diamond (𝑛𝑛1 = 2.41) and 

water (𝑛𝑛2 = 1.34) the angle of incidence has to be larger than 35° at 1000 cm-1. For a typical 

incidence angle 𝜗𝜗𝑖𝑖 = 45°, the penetration depth 𝑑𝑑𝑝𝑝 of the evanescent field into the water 

ranges between 3.77 µm for a wavelength 𝜆𝜆 of 25 µm (i.e. 𝜈𝜈� = 400 𝑐𝑐𝑚𝑚−1) and 0.377 µm for 

𝜆𝜆 = 2.5 µm (i.e. 𝜈𝜈� = 4000 𝑐𝑐𝑚𝑚−1)xii.  

Multiple internal reflections are used to enhance the interaction of the sample with the IR 

beam lowering the concentration required to obtain an absorption signal (see Beer’s law, 

page 9). The cumulative path length thus obtained is usually determined empirically by 

                                                             
xii Note that is 𝑑𝑑𝑝𝑝 directly proportional to the wavelength 𝜆𝜆 of the incident light but inversely proportional to its 
wavenumber 𝜈𝜈�: it rapidly declines from 3.77 µm at 400 cm-1 to 1.51 µm at 1000 cm-1 and then decreases more 
slowly as the wavenumbers increase (0.99 µm at 1500 cm-1, 0.75 µm at 2000 cm-1,.. ); the results lie on a 
rectangular hyperbola. 

 𝑑𝑑𝑝𝑝 =
𝜆𝜆

2π𝑛𝑛1�sin2 𝜗𝜗𝑖𝑖 − �𝑛𝑛2𝑛𝑛1
�
2

 (9) 
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comparison of absorbance values with transmission measurements. To ensure sufficient 

interaction with the IR beam, pressure is usually applied to press solid samples against the 

ATR element’s surface. In this case, diamond is the material of choice for the ATR element 

due to its high mechanical stability. The major advantage of ATR measurements for 

aqueous samples is that there are (almost) no restrictions as to how “thick” the sample can 

be, thus clogging is not an issue. Furthermore, the method allows for the construction of 

probes that can be submerged in liquids and used for in-line reaction monitoring etc. On the 

other hand, even thin depositions on the ATR surface can lead to serious interferences, as it 

is a surface-sensitive technique.  

1.3.2 In-line ATR probes – conduit vs. fiber optic coupling 

In-line probes are commercially available from various companies. They can be realized 

using optical conduits or optical fibers for transmitting the light between the spectrometer 

and the ATR probe head. 

Optical conduit probes use light guides, or hollow conduits, which are based on external 

reflection of light on metallic or dielectric surfaces and are usually realized as hollow 

waveguides. Maximum transmittance is reached by using a material with high reflectivity, 

grazing light incidence (close to 90°), a highly collimated beam and the minimal number of 

reflections possible7. As the conduits are rigid and straight, probes are realized by 

connecting them by knuckles equipped with adjustable mirrors to make connection to the 

measurement vessel possible. The transmission characteristics of the conduit are highly 

dependent on its alignment; for measurements the probe is connected to the vessel and the 

mirrors are adjusted such that maximum light throughput is obtained. The conduit should 

not be moved during the experiment, as changes in the throughput will be reflected in the 

IR spectra (as positive or negative absorption values not stemming from the sample). 

Fiber optic probes, like the one used for in-line monitoring of bioprocesses in this thesis, 

are based on transmission of light by total internal reflection. The principle is widely used 

for guiding light in the visible range for data transmission using glass (i.e. silica-based) 

fibers (telecommunications). Brief, comprehensive, introductions to infrared fiber optical 

materials and fiber optic probes can be found in the Handbook of Vibrational 

Spectroscopy8,9. For a detailed discussion of infrared fiber optics the interested reader is 

referred to Sanghera and Aggarwal10. The short introduction given in the following 

paragraphs is guided by the Handbook of Vibrational Spectroscopy. A major advantage of 
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optical fibers over light conduits is that they are flexible up to a certain degree and thus 

make connection between the interferometer and the measurement vessel easier. Material 

properties govern the available transmission, i.e. measurement, ranges. The multiphonon 

edge determines the upper wavelength limit, while electronic absorptions (band gap edge) 

restrict transmission at the lower wavelength limit. Other factors influencing the 

transmission properties are scattering losses within the material, impurities, and material 

defects. The acceptance angle of the fiber, i.e. its numerical aperture (NA), depends on the 

critical angle for internal total reflection. This is determined by the ratio of refractive 

indices of the core material (within which the light is totally reflected and thus guided) and 

the medium surrounding it (either an appropriately chosen cladding layer or a coating, see 

Snell’s law page 13). A larger difference between the refractive indices (i.e. the higher the 

ratio) leads to a smaller the critical angle for total internal reflection and therefore a higher 

flexibility in coupling in and out of the optical fiber. Furthermore, transmission is less 

sensitive to the bending radius of the fiber, as a wider range of angles of incidence lead to 

total internal reflection. On the other hand, losses due to reflections at the core ends are 

higher for fibers with high refractive indices. Care should therefore be taken when coupling 

the light in and out of the optical fiber. 

Typical materials used for IR transparent optical fibers are calcogenide and polycrystalline 

silver halogenide (AgX), most commonly chloride and bromide. In this thesis, AgX fiber 

optic probes were used due to the available transmission range (from 625 to 2500 cm-1). 

1.4 Multivariate data analysis 

Data analysis is of key importance when dealing with multivariate data sets such as mid-IR 

spectra. Usually, spectral data are highly co-linear, i.e. the absorbance value at a specific 

wavenumber correlates with the absorbances at other wavenumbers. Therefore, special 

statistical methods have to be used. The following paragraphs give a brief introduction to 

the chemometricsxiii used in the present thesis. These were used to extract chemical 

information from the measured spectra (PCA) and to build linearxiv regression models for 

analytes of interest (using a PLS-R and a multivariate curve resolution-alternating least 

                                                             
xiii Nicely defined by S. Wold in 1994 as: “How to get chemically relevant information out of measured chemical 
data, how to represent and display this information, and how to get such information into data.”141 
xiv Linear modelling is suitable as IR spectroscopy obeys Beer’s law (Equation (5)), i.e. the absorbance is linearly 
dependent on analyte concentration. 
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squares (MCR-ALS) approach). They are guided by the tutorial by Geladi & Kowalski11 and 

the book “Fundamentals of Statistics” by Hans Lohninger12. 

The goal of multivariate linear regression is to find the regression vector B that best links 

the dependent variables Y (concentrations) to the independent variables X (absorption 

spectra) such that 𝒀𝒀 = 𝑿𝑿𝑿𝑿 + 𝑬𝑬 (where E is the residual or error matrix). In the case of mid-

IR spectroscopy, the matrix X are the mid-IR spectra of the respective samples arranged in 

rows, i.e. each row of the matrix is a single spectrum, while each column contains the 

absorption values of all samples at a distinct wavenumber. The dependent variable vector Y 

contains the analyte concentration in each sample (Figure 7). Once the regression is 

established the regression vector B can be used to determine unknown dependent 

variables (concentrations) Y by multiplication with the data matrix X. 

 
Figure 7: Schematic representation of multivariate linear regression model on the example of spectral 
data and concentrations. 

1.4.1 Principal Component Analysis (PCA) 

A frequently used chemometric method for exploratory data analysis is PCA. For a detailed 

introduction and discussion of PCA, the interested reader is referred to Jolliffe’s 

comprehensive book “Principal Components Analysis”13. In brief, PCA reduces data 

dimensionality by calculating the directions of largest variation in the data set and 

constructing a new orthogonal coordinate system using these new, uncorrelated, variables. 

Highly multidimensional data, like mid-IR spectra, are thus reduced to a set of principal 

components (PCs), which includes as much of the variation of the initial data as possible. 

This is done by only choosing the first few PCs that contain the majority of variation of the 

original data. Ideally, PCA thus filters out noise and leaves only meaningful changes. 

Formally, the data matrix X is decomposed into two orthogonal matrices V, the loadings 
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matrix, and U, the scores matrix (plus an error matrix E containing the residuals not 

covered by the decomposition) (Figure 8): 

 
Figure 8: Schematic representation of PCA. The data matrix X is decomposed into a scores matrix (U) 
and a loadings matrix (V). Unexplained variance is captured by the error matrix (E). 

The scores matrix U is the original data in the new coordinate system and the loadings 

matrix V contains the weights of the original data when the PCs are calculated. The loadings 

V of each principal component can be plotted against the initial wavenumber scale of the 

data X: high loadings-values V indicate wavenumber regions that show large variance in the 

original data and can be correlated with known spectra of analytes of interest. Thus, insight 

into chemical changes of the chemical system under investigation can be gained. One 

method to find the orthogonal coordinate system is by solving the eigenvalue problem for 

the co-variance matrix, 𝑿𝑿𝑻𝑻𝑿𝑿  (i.e. the mean of each variable is subtracted before 

multiplication), or the correlation matrix, 𝑿𝑿�𝑻𝑻𝑿𝑿� (i.e. the mean of each variable is subtracted, 

then divided by standard deviation) of the X-dataxv. The eigenvectors thus determined are 

the PCs and the corresponding eigenvalues are a measure for the variance explained by the 

respective PC. An extension of PCA is PCR (principal components regression), where the 

scores of the PCs are used to build a regression model for a dependent variable Y. 

Within this thesis, PCA was used to identify the major changes in spectra of S. cerevisiae 

acquired in-line using an ultrasound enhanced ATR probe during nitrogen-limited 

fermentation. The loadings of PC1 corresponded to spectral features of trehalose and 

glycogen, the storage carbohydrates, which S. cerevisiae accumulate during N-limited 

growth. The complete study was published in Publication III (see page 70 for a summary 

and page 109 for the full paper). 
                                                             
xv Co-variance is a measure for the heterogeneity (or homogeneity) of the data. A co-variance of zero means that 
data are orthogonal, i.e. not linearly dependent on each other. 

 𝑿𝑿 = 𝑼𝑼𝑽𝑽𝑻𝑻 + 𝑬𝑬 (10) 
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1.4.2 Partial Least Squares Regression (PLS-R) 

When dealing with FT-IR spectra of multicomponent systems usually multi-variate 

regression methods have to be used to extract quantitative information on a target analyte. 

Wold et al.14 give a good introduction into the mathematics behind PLS-R and give a 

“recipe” on “how to develop and interpret a PLS-R model” (Chapter 7). PLS-R is a suitable 

method to correlate FT-IR spectra, i.e. numerous, strongly correlated (co-linear) and often 

noisy X-data, with dependent data Y (i.e. concentration values). The independent X-data are 

projected onto a set of “latent variables” which are good predictors of Y. The reference data 

Y have to be known prior to the model building process. They can either be predefined by 

measuring standards of known concentration, i.e. synthetic standards, or determined by a 

reference method. For PLS-R the data X is decomposed into a score matrix T, a loadings 

matrix P, and an error matrix E (outer relation; Equation (11)). A similar outer relation can 

be calculated for the dependent (reference) data Y (Equation (12)). Now a regression model 

is iteratively calculated using the scores matrices of the X and Y data, T and U, the inner 

relation (Equation (13)), under the condition to minimize the error matrix F. A schematic 

representation of the algorithm is illustrated in Figure 9. 

 
Figure 9: Schematic representation a PLS-R model. Figure adapted from Lohninger12. 

 𝑿𝑿 = 𝑻𝑻𝑷𝑷𝑻𝑻 + 𝑬𝑬 (11) 

 𝒀𝒀 = 𝑼𝑼𝑸𝑸𝑻𝑻 + 𝑭𝑭 (12) 

 𝑼𝑼 = 𝑿𝑿𝑻𝑻 (13) 
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The result is a number of PLS factors or “latent variables” that best describe the variation of 

the dependent variables. Theoretically, the number of factors can be as large as the rank of 

Xxvi. Some of the smaller components, however, will only describe the noise in the data. 

Therefore, the choice of optimum number of components is an important step in model 

development. Since the algorithm does not provide a stop-criterion, the optimum number 

has to be determined by the user. This can be done by internal or external validation of the 

model and evaluation of the root-mean-square error (RMSE). The RMSE is calculated as 

where 𝑦𝑦𝑖𝑖  are the measured Y-values, 𝑦𝑦�𝑖𝑖  the ones predictedxvii from the model and n the 

number of samples (i.e. number of spectra). When performing internal validation, it is 

referred to as the RMSECV (root mean square error of cross-validation), while one speaks 

of the RMESP (root mean square error of prediction) when using external validation. For 

internal, or cross-validation the X-data is divided into smaller subsets and one of the 

subsets, the test-set, is used to test the predictive quality of the model built using the other 

subsets. Depending on the size and the nature of the data set, different algorithms to choose 

the subsets can be used. Leave-one-out cross-validation is the most straight-forward way: 

one sample after the other is left out; it is, however, prone to overly optimistic results, 

especially when replicate samples are present in the data-set, and can take a long time to 

calculate for large datasets. A more reliable and versatile validation method is to split the 

data into random subsets. Each subset is subsequently used as a test-set and the average 

RMSECV is calculated. Another parameter that has to be chosen by the operator is the size 

of the subsets (or number of data splits as used in the PLS-toolbox). Ideally the size is 

chosen in consideration of the size of the data set: a good choice is a subset comprising 

about ten to twenty percent of the samples. Performing multiple iterations of the selection 

process increases the reliability of the result, but can quickly lead to long computation 

times. The model of choice is the one that uses the least factors and has the lowest (or close 

to the lowest) RMSE. This prevents over-fitting, i.e. when the model describes the data used 

                                                             
xvi The rank of a matrix is defined as the number of linearly independent rows (or columns). 
xvii In the context of mathematical modelling the term “predicted” is commonly used instead of “calculated” or 
“estimated” – this is not meant in a temporal sense, i.e. the prediction of future values/events, but in the sense 
that the dependent variable is calculated/determined using a model rather than directly measured. 

 𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸 = �∑ (𝑦𝑦𝑖𝑖 − 𝑦𝑦�𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛
 (14) 
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for prediction so well, that it performs poorly when it is applied to unknown data (even if it 

only slightly deviates from the initial data set). 

PLS-R is a frequently employed multivariate regression method in bioprocess monitoring. 

An overview of work published employing FT-IR spectroscopy and PLS-R for bioprocess 

monitoring can be found in chapter 2.1. 

In the present thesis, PLS-R was used for the quantitative determination of intracellular 

carbohydrates in S. cerevisiae by transmission FT-IR spectroscopy of dried samples 

(Publication II, summary page 68, full paper page 97 ff.). Furthermore, it was used in 

combination with in-line ATR spectroscopy during Penicillium chrysogenum 

(P. chrysogenum) fermentation to monitor the concentration of precursor (phenoxyacetic 

acid) and product (penicillin V) in the medium (Publication IV, summary page 71, full 

paper page 119 ff.) and for the comparison of performance of two process spectrometers 

equipped with a fiber optic and an optical conduit ATR probe, respectively (Publication V, 

summary page 72, full text page 129 ff.). 

1.4.3 Multivariate Curve Resolution – Alternating Least Squares (MCR-ALS) 

The idea behind multivariate curve resolution (MCR) is similar to that of PCA: The 

measured data X is decomposed (resolved) into a linear combination of pure (unfolded) 

component spectra S and their respective concentrations C (bilinear decomposition) plus 

an error matrix E containing the residuals not fitted by the model (Equation (15) and Figure 

10). Two reviews by de Juan and Tauler15,16 cover a range of multivariate resolution 

approaches and their application to different chemical multicomponent systems. 

 
Figure 10: Schematic representation of MCR-ALS including known reference spectra. Adapted from 
Antunes et al.17, where further details on the implementation of the correlation constraint between 
known and unknown concentrations can be found. 

 𝑿𝑿 = 𝑪𝑪𝑺𝑺𝑻𝑻 + 𝑬𝑬 (15) 
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The most popular MCR method was introduced by Tauler in 199518 and uses an alternating 

least squares (ALS) approach. Decomposition of X is achieved by iterative least-squares 

minimization of (the Euclidian norm of) E, under suitable constraining conditions during 

the ALS procedure. These constraints can have a physical, chemical or mathematical 

meaning and have to be chosen by the userxviii. Examples for constraints are non-negativity 

of the concentration profiles or closure of the system, i.e. mass balance conservation in 

chemical reactions. An advantage over PLS-R is that the calculated pure component spectra 

S can be compared to measured pure component spectra. Thus the model quality can be 

directly evaluated. In order to obtain a meaningful model, initialization with system 

parameters as close to the final results as possible is necessary. An important parameter 

which has major impact on the resulting model is the number of components 𝑖𝑖 the model is 

developed for. It can be estimated with prior knowledge of the system or mathematically 

e.g. by PCA. MCR-ALS can be performed without any further knowledge of the system, 

however, a good estimation of starting concentrations and/or calibration samples are 

advantageous. Initial estimates for C and S can be obtained using evolving factor analysis 

(EFA) or SIMPLISIMA (simple to use interactive self-modeling mixture analysis). 

Furthermore, when reference spectra, i.e. spectra of known concentration, are available a 

correlation constraint can be implemented. It forces the concentrations found for these 

reference samples at each ALS iteration to the previously determined ones (Figure 10). 

Details on the implementation of the constraint can be found in Antunes et al.17. 

Kessler and Kessler19 applied MCR-ALS to assess the kinetics of biotechnological processes, 

one of them employing ATR FT-IR spectroscopy to investigate the carbohydrate 

composition of hemp samples over drying time. Grassi et al.20 used at-line ATR FT-IR 

spectroscopy and MCR-ALS to monitor the carbohydrate and ethanol content during a beer 

fermentation process (S. cerevisiae). MCR-ALS was able to extract component spectra that 

corresponded well with the measured spectra of maltose, fructose, sucrose, dextrins, 

maltotriose and ethanol, respectively. Correlation-constrained MCR-ALS was successfully 

employed for the quantitative analysis of pharmaceutical and agricultural samples by 

HPLC-UV/Vis and NIR spectroscopy, respectively21, and of blood serum samples and 

powdered juices in the presence of interferences by fluorescence and UV/Vis spectroscopy, 

respectively22. 

                                                             
xviii Note: PCA, on the other hand, decomposes the experimental data such that the model explains the maximum 
variance under the mathematical constraint that the new coordinate system is orthogonal. 
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In the present thesis, MCR-ALS was used in combination with in-line ATR FT-IR 

spectroscopy to determine precursor (phenoxyacetic acid) and product (penicillin V) 

during P. chrysogenum fermentations (Publication IV, summary page 71, full paper page 

119).  

1.5 Acoustic particle manipulation - acoustophoresis 

The following introduction to acoustic particle manipulation and acoustofluidics is guided 

by Bruus’ publications the Lab-on-a-Chip series “Acoustofluidics”23 and Gröschl’s review in 

Acoustica Acta24. 

Particles suspended in a medium are subject to acoustic radiation forces when irradiated by 

acoustic waves, i.e. longitudinal pressure waves. These forces act on particles that are small 

relative to the acoustic wavelength, but large enough to experience a pressure difference at 

either side. Forces exerted by standing wave fields are stronger than those exerted by 

travelling wave fields and both scale with particle size (up to a limit). For particle 

manipulation, acoustic resonators and thus standing wave fields are usually exploited; 

therefore, the following description is limited to these. 

Ultrasonic resonators are built up by placing a reflector opposite an ultrasound transducer, 

i.e. the ultrasound emitter, and the subsequent superposition of incident and reflected wave 

(Figure 11a). The system is in resonance when the distance between transducer and 

reflector is equivalent to a multiple of half wavelengths of the acoustic wave. Piezoelectric 

materials are widely used for the generation of vibrations in the MHz-regime. These 

materials transform an applied electrical voltage into mechanical stress, strain and 

displacement (i.e. the inverse piezoelectric effect). For a detailed discussion of the 

piezoelectric effect and the excitation of acoustic fields for ultrasonic particle manipulation, 

the interested reader is referred to Dual and Möller (2012)25, here only a brief summary 

will be given. For particle manipulation, piezoelectric ceramics, e.g. lead zirconate titante 

(PZT), are typically used, as they efficiently transform the electrical voltage into mechanical 

energy, i.e. have a high piezoelectric constant. The piezoceramic element is contacted via 

opposing electrodes and acts, together with a protective carrier layerxix onto which it is 

mounted, as the ultrasound transducer (Figure 11b). The electrodes are usually realized in 

                                                             
xix The carrier layer acts as an electrical insulator between the piezoceramic element and the liquid. Its material 
properties and thickness are chosen such that an efficient transport of the acoustic energy into the liquid is 
possible. 
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a wrap-around configuration so that both the electric leads can be connected on the same 

surface. For round piezoceramic disks, a bull’s eye configuration is often employed where 

the bottom electrode extends onto the top surface of the disk and is separated from the top 

electrode by an insulation band (Figure 11c). 

 

 

 

Figure 11: A standing wave is generated in an ultrasonic resonator by superposition of the incident and 
reflected wave. The sinusoidal line represents the amplitude of the pressure change (note that acoustic 
waves are longitudinal waves). The resulting standing wave’s envelope, i.e. the minima and maxima, are 
fixed in space (a). The structure of an ultrasonic resonator: the PZT glued to a carrier layer makes up the 
ultrasound transducer (b). Photograph of a PZT disk with a bull’s eye electrode that allows for 
connection of both electric leads at the surface (c). 

The forces acting on the particles can be divided into primary and secondary forces: the 

primary radiation forces are caused by direct interaction of the acoustic pressure wave and 

a single particle. It can be divided into two components relative to the direction of sound 

propagation. The primary axial radiation force, i.e. acting in direction of sound propagation, 

pushes particles into certain areas of the acoustic standing wave field and leads to a 
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periodic pattern of particles agglomerating in planes perpendicular to direction of sound 

propagation (parallel to the ultrasound transducer, to the acoustic wave fronts). The 

primary transverse radiation force leads to the concentration of particles in certain areas 

within these planes. It is caused by the inhomogeneous distribution of acoustic amplitude 

over the surface of the transducer (e.g. the amplitude is zero at the edges due to continuity 

reasons for finite sized transducers). The secondary radiation force, or Bjerkens force, is 

based on particle-particle interactions, i.e. the interaction of particles with the wave field 

scattered from other particles. It leads to a fine structure within the particle agglomerates. 

King26 derived the acoustic radiation force for incompressible spheres in 1934. Yosioka and 

Kawasima27 extended the theory to compressible spheres in plane acoustic wave fields in 

1955. Gorko’v28 summarized and extended their work to include the viscosity of the host 

fluid/medium. The force that has the major contribution to acoustic particle manipulation 

is the primary axial radiation force. For a plane standing wave field with wavelength 𝜆𝜆 

propagating in z-direction the primary axial radiation force 𝐹𝐹𝑧𝑧𝑟𝑟𝑟𝑟𝑟𝑟 acting on a spherical 

particle with radius 𝑎𝑎 and 𝜆𝜆 ≫ 𝑎𝑎 is given by Equation (16). 

The magnitude of the force depends on the acoustic energy density 𝐸𝐸𝑟𝑟𝑐𝑐 = 𝑝𝑝𝑎𝑎2

4𝜌𝜌0𝑐𝑐02
 transmitted 

into in the medium, where 𝜌𝜌0 and 𝑐𝑐0 are the density and speed of sound in the medium, 

respectively, and 𝑝𝑝𝑟𝑟  is the acoustic pressure amplitude. Furthermore, the force scales with 

the acoustic contrast factor 𝜙𝜙(�̃�𝜅,𝜌𝜌�) (Equation (17)) which in turn depends on the ratio of 

mass densities, 𝜌𝜌� = 𝜌𝜌𝑝𝑝
𝜌𝜌0

, and compressibilities, �̃�𝜅 = 𝜅𝜅𝑝𝑝
𝜅𝜅0

, between particle (subscript p) and 

medium (subscript 0), respectively. The compressibility is connected to the speed of sound 

and the mass density by 𝜅𝜅 = 1
𝜌𝜌⋅𝑐𝑐2

. Note that the sign of 𝜙𝜙(�̃�𝜅, 𝜌𝜌�) can be positive or negative: 

For dense particles (𝜌𝜌𝑝𝑝 > 𝜌𝜌0), e.g. cells, it is positive and the force drives the particles into 

the pressure nodal planes of the standing wave field. Particles for with 𝜌𝜌𝑝𝑝 < 𝜌𝜌0, e.g. oil 

droplets suspended in water, on the other hand are driven to the pressure anti-nodal 

planes. This was successfully used by Grenvall et al. for the separation of lipids from cells in 

milk using a microfluidic set-up. The lipids and cells could be further analyzed separately, 

furthermore, clogging of the channel due to lipid deposition on the walls was prevented29,30. 

 𝐹𝐹𝑧𝑧𝑟𝑟𝑟𝑟𝑟𝑟 = 4𝜋𝜋 ⋅ 𝜙𝜙(�̃�𝜅,𝜌𝜌�) ⋅ 𝑘𝑘𝑎𝑎3 ⋅ 𝐸𝐸𝑟𝑟𝑐𝑐 ⋅ sin(2𝑘𝑘𝑘𝑘) (16) 

 𝜙𝜙(�̃�𝜅,𝜌𝜌�) =
1
3
�

5𝜌𝜌� − 2
2𝜌𝜌� + 1

− �̃�𝜅� (17) 
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Even if the particle and the medium have the same density, the acoustic contrast factor can 

be non-zero as it also depends on the ratio of compressibilities (and thus speeds-of-sound) 

of particle and medium. Acoustic particle manipulation can therefore also be used to 

separate or concentrate suspended particles that have the same mass density as the 

medium, which cannot be achieved by centrifugation (i.e. gravimetrically) or in a 

microgravity environment31,32. 

The periodicity of the force is double that of the acoustic wave, leading to planes where 

𝐹𝐹𝑧𝑧𝑟𝑟𝑟𝑟𝑟𝑟 = 0 – pressure nodal planes – every half wavelength of the acoustic wave (given by 

the term sin(2𝑘𝑘𝑘𝑘), with the wavenumber 𝑘𝑘 = 2𝜋𝜋
𝜆𝜆

= 𝜔𝜔
𝑐𝑐

= 2𝜋𝜋𝜋𝜋
𝑐𝑐

).  

A typical frequency 𝑓𝑓used for acoustic particle manipulation of micrometer-sized particles 

is 2 MHz, the speed of sound in water 𝑐𝑐0 is approximately 1500 ms-1, and therefore, the 

wavelength 𝜆𝜆 of the acoustic wave is 750 µm. If a standing wave field is built up, the 

pressure nodal planes are thus approximately 375 µm apart. For this frequency, the lower 

threshold of particle sizes (i.e. diameter) that can be manipulated is approximately one 

micrometer33. 

1.5.1 Potential bioeffects of ultrasound 

In a biotechnological environment ultrasound is mainly associated with ultrasonic cell lysis, 

while it is regarded as a safe, non-invasive, diagnostic tool in medicinexx. The major 

differences between the ultrasonic cell lysis and medical ultrasound are the employed 

frequency ranges, a few tens of kHz compared to a few MHz, and the transmitted energy. In 

the Acoustofluidics Series in Lab-on-Chip Wiklund34 reviews several reports on cell viability 

in microfluidic ultrasonic resonators, nicely summarizing the “physical mechanisms of 

ultrasound causing a bioeffect”: Temperature increase, cavitation, the radiation forces 

themselves, and acoustic streaming. 

Absorption of the acoustic wave in the liquid causes a temperature increasexxi. The higher 

the frequency of the acoustic wave, the stronger is the absorption, i.e. the damping. Heating 

due to absorption (and due to electromechanical losses of the transducer) can be 

                                                             
xx It is regarded so safe, as a matter of fact, that even unborn babies are exposed to ultrasound during 
ultrasonography on a regular basis for diagnostic purposes – FDA however discourages excessive exposure to 
ultrasound for non-medical reasons142. 
xxi When the acoustic wave is absorbed by a material, the mechanical energy is converted to heat (conservation 
of energy). 
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minimized by actively controlling the temperature of the resonator chamber. In the present 

work, heating is of minor concern, as bioreactors are temperature controlled and heavily 

stirred. 

The following short introduction to acoustic cavitation, which can cause severe damage in 

cells, is based on Leighton’s review35 of ultrasound and its effects. Cavitation is the 

formation of gas or vapor filled cavities (“air bubbles”), as can be observed in ultrasonic 

baths used for cleaning or degassing. These (cavitation) bubbles can either oscillate, 

continuously growing and shrinking with the changes of the acoustic pressure, or implode 

violently after growing over just one or two pressure cycles. The first effect, stable 

cavitation, causes highly localized streaming which can lead to shear stress on cells in 

proximity of the cavitation bubble. Bubbles collapsing during inertial cavitation, the latter 

effect, lead to extremely localized high pressures, high temperatures (> 1000°C), and the 

generation of free radicals. Phenomena like sonoluminescence and chemoluminescence can 

be consequences of inertial cavitation. These harsh conditions clearly are not beneficial for 

cells and lead to cell rupture and cell death. Inertial cavitation is a threshold phenomenon, 

i.e. it depends on the amplitude and frequency of the sound field and the bubble size. It is 

less likely to occur at low amplitudes and at higher frequencies. Moreover, at a given 

ultrasound frequency only a certain range of bubble radii can undergo inertial cavitation, 

and this range narrows with higher frequency. For bubbles smaller than the threshold 

radius, surface tension prevents the rapid growth necessary for inertial cavitation. Bubbles 

with radii larger than the upper threshold will not grow enough in a short time and thus the 

necessary pressure difference between the liquid and the cavity, i.e. the inside of the 

bubble, is not large enough to generate the necessary high kinetic energy (for a detailed 

discussion see Refs 71 and 72). In this work, low amplitudes, i.e. low driving voltages, and 

relatively high frequencies (around 2.4 MHz) were used for acoustic particle manipulation, 

thus minimizing the probability of inertial cavitationxxii. 

Stable cavitation, on the other hand, is less of a problem when the cells are subject a 

standing wave field: As mentioned before, the direction of the primary axial acoustic 

radiation force depends on the sign of the acoustic contrast factor 𝜙𝜙(�̃�𝜅,𝜌𝜌�). Particles with a 

higher mass density than the suspending medium (cells) are driven in to the pressure nodal 

planes, while those with a lower mass density (air/gas bubbles) are generally driven to the 
                                                             
xxii In a preliminary project no indication for the presence of free radicals was found using the starch test for free 
iodine when irradiating an iodide solution in a similar set-up at comparable settings. 
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pressure anti-nodes. Therefore, the cells are actually protected from the shear stress 

induced by stable cavitation by the standing wave field.  

The effect of the radiation forces on cells is the alignment in the pressure nodal plane. This 

alignment has been shown to have an effect in vivo when standing wave fields were built up 

in blood vessels of chick embryos, leading to a reversible arrest of red bloods cells, which in 

turn could induce thrombosis36. For cell suspensions, no adverse effects are expected from 

being subjected to standing wave fields. As mentioned before, the cells are driven into the 

pressure nodal planes, therefore they only experience very little to no pressure differences. 

They will however be “shaken”, as the pressure nodal planes coincide with the velocity anti-

nodal planes, i.e. the planes where the velocity of the suspending medium is highest. 

This was confirmed by Böhm et al.37 when they subjected plant cells (Petunia hybrida) to as 

standing and a propagating wave field, respectively, employing the same frequency 

(2.15 MHz) and energy density, i.e. acoustic energy transmitted into the medium per unit 

volume: after 20 minutes of exposure to the standing wave field, cell viabilityxxiii remained 

at 95%, which was also found for the un-sonicated control group, cell viability decreased to 

approximately 30% after 20 minutes of exposure to the propagating wave. This is in 

accordance with a study Radel et al.38 who found that the viability of S. cerevisiaexxiv 

irradiated with a 2 MHz standing wave field for up to 120 minutes did not increase 

compared to un-sonicated controls. When the cells were dynamically driven through the 

standing wave field due to a change of acoustic contrast factor induced by addition of 

ethanol, however, viability decreased significantly. 

Studies of mammalian cells held in 3D agglomerates in microfluidic cell traps revealed no 

adverse effects of the ultrasound irradiation. Bazou et al. found no changes in the in vitro 

surface receptor interactions of neural cells39 or of the gene expression or the pluripotency 

of the embryonal stem cells40. Hulström et al. investigated the viability and proliferation of 

COS–7 cells after ultrasonic trapping up to 75 minutes and found no changes compared to 

un-sonicated control groups41. 

It can be concluded that cells are generally not harmed during acoustic particle 

manipulation, as long as they remain in the pressure nodal planes of the standing wave 

field. This is exploited in state-of-the-art perfusion filters for mammalian cell cultures, 

                                                             
xxiii As tested by uptake and cleavage of fluorescein diacetate (FDA). 
xxiv As tested by methylene blue staining. 
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where the ultrasonic standing wave field it is used to hold cells back against a continuous 

flow of medium without detrimental effects42–44.  

1.6 Microorganisms studied 

Fermentations of two microorganisms were investigated by in-line mid-IR spectroscopy for 

this thesis. The yeast S. cerevisiae served as a model system for the acquisition of mid-IR 

spectra of cell in-line during fermentation by ultrasound enhanced ATR FT-IR spectroscopy 

(Publications I, II and III). Two types of multivariate calibrations (PLS-R and MCR-ALS) 

were compared for monitoring precursor and product in P. chrysogenum fermentations 

(Publication IV). This type of fermentation was furthermore used for investigating the 

performance of a fiber optic and a conduit in-line ATR probe (Publication V). 

1.6.1 Saccharomyces cerevisiae 

S. cerevisiae are eukaryotic cells that belong to the kingdom of fungi. The small, single-celled 

organism is one of most used yeasts and is commonly referred to as baker’s yeast. The 

spherical cells are 5 to 10 µm in diameter, have a rigid cell wall and grow by division, which 

is referred to as budding. S. cerevisiae require the “basic building blocks of life”, carbon, 

nitrogen, hydrogen, and oxygen, and additionally phosphorus, vitamins and trace elements. 

If the C-source, e.g. glucose, is the growth-limiting nutrient under aerobic conditions, 

S. cerevisiae grow producing biomass and CO2. When the external glucose concentration is 

high, they undergo the Crabtree effect: they produce ethanol and CO2 rather than biomass. 

This is also the case during anaerobic growth, i.e. when not enough oxygen is available. 

S. cerevisiae are one of the best studied microorganisms and often serve as model cells for 

eukaryotic cells. They were chosen for this work for several reasons: First of all, due to their 

spherical shape the equations derived for acoustic radiation forces can be applied and 

simulations can be performed. Secondly, numerous reports exist on their successful 

manipulation by acoustic radiation forces45 and it has been shown that exposure to 

ultrasonic standing waves does not harm them38 or impair their ability to replicate46 (see 

also chapter 2.3 page 44). Furthermore, their metabolism is well known and reliable 

protocols exist on how to induce specific metabolic responses. One such response is the 

accumulation of storage carbohydrates (also referred to as reserve carbohydrates in the 

literature) when S. cerevisiae are subject to different kinds of stress, e.g. nutrient 
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limitations, temperature, etc., during growth47. The following paragraph gives a short 

introduction to this mechanism and the carbohydrates involved. 

1.6.1.1 Storage carbohydrates 

Carbohydrates make up about 40% of the weight of a S. cerevisiae cell. They can be 

classified by their location within the cell: mannan (Figure 12e), a polysaccharide of 

mannose (Figure 12c), and (beta-)glucan, polysaccharides of glucose, are located in the cell 

wall. The storage carbohydrates trehalose (Figure 12b), and glycogen (an alpha-glucan, 

Figure 12d), a disaccharide and a polysaccharide of glucose (Figure 12a), respectively, are 

intracellular carbohydrates. When S. cerevisiae undergo physiological stress, glucose is 

stored intracellularly in the form of these storage carbohydrates. For a detailed description 

of the metabolic pathways that lead to the production of trehalose and glycogen, the 

interested reader is referred to Francois and Parrou (2001)47.  

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

Figure 12: Molecular structure of glucose (a), trehalose (b), mannose (c), glycogen (d), and mannan (e). 

1.6.2 Penicillium chrysogenum 

P. chrysogenum, formerly also Penicillium notatum, an ubiquitous filamentous fungi, is one 

of the major microorganisms used for industrial antibiotic production and a commonly 

found mold in food spoilage. Its antibiotic effect was (accidently) discovered by Alexander 

Fleming in 1932 who observed that bacteria (staphylococci) cultured on agar plates were 
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dead or dying where that agar plate was contaminated with moldxxv. He cultured the 

isolated mold and named the substance it released penicillin48. 

A P. chrysogenum hypha is a tubular structure which typically has a diameter of 

approximately 2 to 5 µm (Figure 13a). Growth occurs only at its tip, i.e. in length (no radial 

growth), furthermore, the hypha can branch. P. chrysogenum cultured submerged (i.e. in a 

liquid medium) form pellets with up to a few hundred micrometers diameter, made up 

mainly of entangled branched hyphae. 

Figure 13: a) Micrograph of P. chrysogenum hyphae deposited on a ZnSe slide. The arrow indicates one 
of the branching locations of a tubular hypha. b) The molecular structure of phenoxyacetic acid, the 
precursor used for penicillin V production. c) The molecular structure of penicillin V.  

Penicillin is a class of β-lactam antibiotics; by adding appropriate precursors to the culture 

medium of P. chrysogenum, these are incorporated into the penicillin molecule as 

sidechains which alter the chemical and physical properties of the respective penicillin 

molecule. One such example is the addition of phenoxyacetic acid (Figure 13b): the product 

is phenoxymethylpenicillin or penicillin V (Figure 13c) which was the first acid-resistant 

antibiotic and could therefore be administered orally.  

 

                                                             
xxv As Houbraken et al.143 confirmed, the fungal contamination of Fleming’s cultures was wrongly identified as 
P. notatum, by which name P. chrysogenum was known at the time, but it was actually P. rubens, another 
penicillin producing strain. 
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β-lactam ring 





 

2 STATE OF THE ART 

2.1 Mid-IR spectroscopy for bioprocess monitoring 

Bioprocesses are usually monitored by different sensors to access their physical, chemical 

and biological variables. Biechele et al.49 gave a comprehensive overview over the different 

available techniques and their respective advantages and disadvantages in their recent 

review. These sensor systems are used for process control, process development, and, in 

accordance with the PAT initiative introduced by the FDA in the last decade, gaining 

process understanding. The bioprocess should no longer be treated as a “black box” with 

quality control happening prior to start and at the end of the process. Instead, quality 

should be “built in” by process analysis, increased process knowledge (process 

understanding) and process modeling. 

Both, NIR and mid-IR spectroscopy are commonly used in bioprocess analysis and 

characterization. NIR spectroscopy offers the advantage that water has lower absorptivity 

in that range, thus transmission and transflexion set-ups can be realized. These are less 

sensitive to biofouling than ATR probe surfaces, where, due to the limited depth of 

penetration (as mentioned before, typically 1 to 2 µm in aqueous solutions), even thin 

layers lead to spectral interferences and to a strong decrease in desired signal (i.e. the 

signal of the analyte). Interpretation of NIR spectra, on the other hand, is more difficult than 

that of mid-IR spectra, due to the nature of the vibrational energy levels probed 

(combination and overtones) leading to very broad and strongly overlapping features. 

Absorptivities in the mid-IR are typically higher than in the NIR, therefore absorptions are 

stronger. This is counter-acted by the fact that the emission maximum of thermal light 

sources (globars) is shifted towards shorter wavelengths (and thus more energy is 

available in the NIR), furthermore, detectors are more sensitive in the NIR range. This 

thesis focuses on the use of mid-IR spectroscopy for bioprocesses monitoring, therefore, the 
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following literature study is limited to its application for monitoring of substrate and 

products in the fermentation brothi. 

Mid-IR spectroscopy has been employed as at-line, off-line, on-line, and in-line PAT for 

monitoring of bioprocesses. Roychoudhury et al. published a review showing the potential 

of mid-IR spectroscopy for real-time bioprocess monitoring in 200650. The review by 

Landgrebe et al.51 gives a good overview of the different measurement set-ups employed for 

real-time fermentation monitoring by (ATR) FT-IR spectroscopy: flow through cells in 

bypass, optical-conduit probes and (then still experimental) fiber optic probes. In a more 

recent review Lourenco et al.52 summarize the application of different kinds of optical 

spectroscopy techniques in combination with chemometrics for bioprocess monitoring, 

focusing on fiber optic approaches. 

The first approaches for using FT-IR spectroscopy for bioprocess monitoring were done 

off-line or at-line. A list of publications on this approach can be found in Table 1. Fayolle et 

al.53 were the first ones to monitor the concentration of different analytes in the medium of 

a Lactobacillus bulgaricus (L. bulgaricus) fermentation with a transmission flow through cell 

and PLS-R at-line; a similar approach was later employed by Franco et al.54 for Kombucha 

fermentations, extending the analysis to artificial neural networks (ANN) for calibration. In 

early studies often the native/whole fermentation broth was often used and a calibration 

for dried biomass or cell optical density was attempted55–57. More recent reports 

concentrated on filtrated broth and the determination of media components and extra-

cellular products58–61. Winder et al. could quantify the concentration of the extracellular 

product acetate by PLS-R with spectra of washed, dried E. coli62. Table 2 summarizes the 

reports of on-line monitoring of bioprocesses. This approach has been developed at the 

group of Bernhard Lendl in 200163 (i.e. bioprocess monitoring has a long history in our 

group). It was employed for monitoring media components in Escherichia coli (E. coli)64–66, 

S. cerevisiae67–69 and Pichia pastoris (P. pastoris)70 fermentations. Furthermore Schenk et 

al.65 used an on-line ATR flow-through cell to monitor the pH of an E.  coli fermentation by 

measuring the ratio of protonated and deprotonated acids like phosphoric acid. 

                                                             
i The application of mid-IR spectroscopy for investigation and monitoring of intracellular products and cellular 
composition is reviewed in the following chapter (page 29). 



 

Table 1: At-line/off-line analysis of media components and product, including calibration ranges. 

Publication Fermentation Method Analytes (g L-1)a 

P Fayolle et al. 199753 L. bulgaricus flow cell (38 µm), whole broth / PLS lactose (3-70), galactose (0-30), lactic acid (0-30), DCWb (0.008-
10) 

S Sivakesva et al. 2001a56 L. casei ATR, whole broth / PLS, PCR glucose (0-80), lactic acid (n.g.c), cell OD (n.g.) 

S Sivakesva et al 2001b55 S. cerevisiae ATR, whole broth / PLS, PCR glucose (30-70), ethanol (n.g.), cell OD (n.g.) 

A Hashimoto et al. 200571 Oryza sativa, Nicotiana 
tabacum 

ATR / univariate linear regression ethanol, glucose, fructose, sucrose 

VG Franco et al. 200654 Kombucha Flow cell (25 µm), filtrate / PLS, ANN glucuronic acid (0.7-9.63), gluconic acid (0.04-1.16), glucose (0.62-
10.51) 

P Roychoudhury et al. 200657 Streptomyces clavuligerus ATR, filtrate & whole broth / PLS ammonium (0-0.4d), glucose (2-17d), methyl oleate (5-19d), 
biomass (5-20d) 

P Roychoudhury et al. 200758 S. clavuligerus ATR, filtrate / PLS glycerol (3-16d), clavulanic acid (0.01-0.16d) 

F Leitermann et al. 200859 Pseudomonas aeruginosa ATR, cell free / PLS rhamnolipid 1 (0-8d), rhamnolipid 3 (0-24d), total rhamnolipids (0-
32d) 

Winder et al. 201162 E. coli HTS-XT / PCA, PLS, CVA extracellular acetate quantification from cell spectra 

F Capito et al. 201361 Mammalian culture (CHO) ATR filtrate /PLS, PCA HCPe (6.8-180) 

F Capito et al. 201560 Mammalian culture (CHO) transmission, dried samples HCP (0.7-3.0), mAbf titer (1-28) 
a The concentration ranges given refer to the respective lowest and highest concentration of the analyte either in standard solutions or determined using reference methods, i.e. 
they refer to the calibration range. 
b dry cell weight 
c n.g. = not given 
d value estimated from graph 
e Host Cell Protein 
f monoclonal Antibody 



 

 

Table 2: On-line monitoring of bioprocesses by FT-IR mid-IR spectroscopy. 

Publication Fermentation Method Analytes (gL-1)a 

M Kansiz et al 200163 Clostridium beijerinckii ATR flow cell coupled by SIAb / PLS  acetone (0-5.5) , acetate (0.3-2.7),  
n-Butanol (0-14.3), butyrate (0-0.6), glucose (0.1-49) 

G Jarute et al. 200464 E. coli ATR flow cell coupled by SIA / PLS glucose (3.8-10.3), intracellular PHB (0.030-0.661) 

G Mazarevica et al. 200467 S. cerevisiae ATR flow cell coupled by SIA / PLS ethanol (0-15), glucose (0-30) 

EL Veale et al 200768 S. cerevisiae ATR flow cell coupled by peristaltic pump / 
PLS, PCA 

ethanol (0-30c), glucose (0-75) 

J Schenk et al. 200770 P. pastoris ATR flow cell / univariated methanol (0-15) 

J Schenk et al. 2008a65 E. coli ATR flow cell / MLRe (library spectra) pH, ammonium, glucose, acetate (n.a.f) 

J Schenk et al 2008b66 E. coli ATR flow cell (optical conduit)/ CLSg 
(library spectra incl. drift) 

ammonium (n.a.), glucose (n.a.), glycerol, acetate (n.a.) 

M Dabros et al. 200969 S. cerevisiae ATR flow cell (optical conduit) / PLS glucose, ethanol, ammonium, glycerol, acetic acid 
a The concentration ranges given refer to the respective lowest and highest concentration of the analyte either in standard solutions or determined using reference methods, i.e. 
they refer to the calibration range. 
b sequential injection analysis 
c value estimated from graph 
d a two-point linear regression was calculated individually for each fermentation 
e multiple linear regression 
f n.a. = not applicable 
g classical least-squares 
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A non-exhaustive list of publications on in-line bioprocess monitoring by mid-IR 

spectroscopy can be found in Table 3. The first application of monitoring in-line was 

reported by Doak & Phillips72 as early as 1999. They employed an optical conduit probe to 

monitor glucose and acetate during E. coli fermentation. Since then, conduit probes have 

been used for in-line monitoring of media components in bacterial73–76, yeast77,78, and 

fungal79 fermentations and mammalian cell cultures80,81. Fiber optic probes have not been 

employed as widely for bioprocess monitoring: to the best of the author’s knowledge only 

three reports exist on their use in-line82–84, in the most recent of these reports novel sensor 

concepts using different types of interferometers, a Fabry-Pérot interferometer and a linear 

array detector, and a novel type of ATR element were presented84. Furthermore, the 

feasibility of monitoring media components using fiber optic ATR FT-IR probes, has been 

demonstrated off-line85–87.  

Different approaches to building calibration models, mostly PLS-R, were described: either 

using mid-IR spectra of the fermentation broth and suitable reference analyses, or using 

mid-IR spectra of synthetic standard solutions, or a combination of the two. Spectra of 

fermentation broth were either acquired in-line during the fermentation with reference 

concentrations determined from timed samples drawn from the bioreactor72,79, or off-line, 

with mid-IR and reference analyses performed on the same sample87 for which the 

inclusion of spectra of broth spiked with a known amount of the desired analyte proved 

beneficial80,81. Another reported approach was to perform spiking during the fermentation 

and using these spectra combined with off—line reference analyses83,84. Synthetic 

models74,75,77,86, i.e. using synthetic standard solutions for calibration, as well as semi-

synthetic models73,78, i.e. combining in-line spectra & reference analyses with synthetic 

standard solutions, were also successfully built. In 2004 Kornmann et al.88 showed that 

updating of PLS-R models in real-time using metabolic balancing for data reconciliation 

improved the performance for the quantification of fructose, acetate and gluconacetan in a 

Gluconacetobacter xylinus (G. xylinus) fermentation. Sagmeister et al.76 built a simple 

univariate calibration for glucose and used the obtained concentration values as input for a 

soft-sensor for the determination of biomass and specific growth rate in an E. coli 

fermentation.



 

Table 3: Overview of publications on fermentation monitoring by optical conduit and/or fiber optic ATR probes. Measurements were performed in-line (in situ) 
unless otherwise stated. 

Publication Fermentation Method Analytes (gL-1)a 

DL Doak & JA Phillips 199972 E. coli conduit / PLS (in-line spectra & off-line 
reference) 

glucose (0-25), acetate (0-25) 

P Fayolle et al. 200082 Yeast (not specified) and L. 
bulgaricus 

fiber dispersive spectrometer / PLS glucose (0-90b), fructose (5-90b), lactose (15-80b), 
galactose (0-25b), ethanol (0-90b), lactic acid (0-26b) 

D Pollard et al. 200179 G. lozoyensis conduit / PLS (in-line spectra & off-line 
reference for calibration) 

glucose (0.1-18), fructose (0.1-20, 20.1-60), phosphate 
(7.5-11) glutamate (0.5-8), proline (0.5-12) 

MH Rhiel et al. 2002a81 Mammalian cell culture 
(CHO) 

conduit / PLS (off-line unaltered & spiked 
samples for calibration) 

glucose (0-22 mMb), lactate (0-60 mMb) 

M Rhiel et al. 2002b80 Mammalian cell culture conduit / PLS (off-line unaltered & spiked 
samples for calibration) 

glucose (0-18.8 mM), lactate (1.35-56.4 mM) 

HM Heise et al. 200285 anaerobic fermentation off-line fiber spectral quality would allow for quantitative analysis 

H Kornmann et al. 200373 G. xylinus conduit / PLS (in-line spectra & off-line 
reference + synthetic standards) 

fructose (10-35b), acetate (0-5b), ethanol (0-5b), 
gluconacetan (0-6b) 

H Kornmann et al. 2004a74 G. xylinus conduit / PLS (synthetic standards) fructose (0-32), ethanol (0-7), acetate (0-15), gluconacetan 
(0-10), ammonium (0-15), phosphate (0-8); results used 
for feed control (ethanol & fructose) 

H Kornmann et al. 2004b88 G.  xylinus conduit / PLS (in-line spectra & concentrations 
determined by metabolic balance to update 
calibration) 

fructose (0-40), actetate (0-10), gluconacetan (0-6) 

J Schenk et al. 200777 S. cerevisiae conduit / CLS (library spectra) glucose, ethanol, ammonium (n.a.b) 

R. Foley et al. 201286 Mammalian cell culture off-line conduit & fiber (synthetic standards) glucose, glutamine, ammonia, phosphate, glutamate, 
lactate, HEPES, bicarbonate (n.g.c) 

J Dahlbacka et al 201278 P. pastoris conduit / PLS (synthetic standards + 
semisynthetic in-line spectra for methanol) 

glycerol (5-45) , methanol (0.8-8) 



 

 

Publication (cntd.) Fermentation (cntd.) Method (cntd.) Analytes (gL-1)a (cntd.) 

J. Dahlbacka et al. 201375 Streptomyces peucetuis conduit / PCA, PCR, PLS (synthetic standards + 
synthetic multi-constituent spectra) 

glucose (0-20) , acetate (0-2) 

M Sandor et al. 201383 Mammalian cell culture 
(CHO) 

fiber/ PLS (in-line spectra + spiking & off-line 
reference) 

glucose (0-9), lactate (0-4), total cell concentration (0-
1.8E7) 

J-M Girard et al. 201387 S. obliquus (microalga) off-line fiber/ univariate & PLS relative content of lactose, glucose, galactose 

P Sagmeister et al. 201376 E. coli conduit / univariate linear calibration (in-line 
spectra) 

glucose (input for growth rate estimation by soft sensor) 

A Bogomolov et al. 201584 S. cerevisiae 2 diamond ATR probes: Fabry-Pérot 
interferometer, grating spectrometer & line 
sensor; in-line polychrstalline fiber loop / PLS 
(in-line spectra + spiking & off-line reference for 
calibration) 

ethanol (0-150b), glucose(0-300b), fructose (0-150b) 

a The concentration ranges given refer to the respective lowest and highest concentration of the analyte either in standard solutions or determined using reference methods, i.e. 
they refer to the calibration range. 
b value estimated from graph 
c n.a. = not applicable 
d n.g. = not given 
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These studies are clear indications of the applicability of in-line mid-IR ATR spectroscopy 

for bioprocess monitoring, however the use of fiber optic probes was very limited so far. In 

this thesis, a fiber optic ATR probe was used in-line in a P. chrysogenum fermentation for 

the determination of phenoxyacetic acid (precursor) and penicillin V (product) in the 

fermentation broth. Semi-synthetic calibration models, i.e. using spectra acquired in-line 

combined with on-line HPLC reference analysis, were successfully built using two different 

chemometric methods: PLS-R and MCR-ALS (Publication IV). Furthermore, the 

performance of an optical conduit ATR probe and a fiber optic ATR probe were compared 

using the same biological system. This is, to the best of the authors’ knowledge, the first 

report on the simultaneous use of two different ATR probes in-line (Publication V).  

2.2 Mid-IR spectroscopy of microorganisms 

The basic building blocks of biomass, proteins, carbohydrates, nucleic acids and lipids, lead 

to characteristic absorption bands in the mid-IR spectra of microorganisms. The following 

band assignments are based on References 79 and 80. In the fingerprint region of a typical 

transmission spectrum of dried S. cerevisiae (Figure 14), absorptions from C=O stretching of 

ester groups in lipids around 1730 cm−1 are visible. Absorptions from proteins can be found 

around 1655 cm-1 (amide I band, C=O stretching and to a lesser extent N−H bend and C−N 

stretch), around 1550 cm−1 (amide II band, N−H bend, C−N stretch), and around 1300 cm−1 

(amide III band, complex combination of different vibrations). Between 1450 and 

1200 cm−1 numerous C−H and O−H deformation vibrations contribute to the spectrum 

(from lipids and carbohydrates). DNA, RNA, and phospholipids lead to absorptions around 

1240 cm−1 (antisymmetric PO2
− stretching vibrations). C−O stretching originating from 

carbohydrates dominates the region between 950 and 1200 cm−1, with minor contributions 

around 1100 cm−1 from symmetric PO2
− stretching (again, DNA, RNA, and phospholipids). 



2.2 Mid-IR spectroscopy of microorganisms 

 

41 

 
Figure 14: Mid-IR absorption spectrum of dried S. cerevisiae acquired in transmission mode. The 
spectrum is normalized to the Amide I band (~1655 cm-1). 

The first report on FT-IR spectroscopy as a means to differentiate and identify pathogenic 

bacteria was published by Naumann in 198591. He developed a reliable method for the 

acquisition of spectra of cells by depositing drops of cell suspensions onto IR-transparent 

slides and, after a drying step, measuring them in transmission mode. This led to a joint 

project of the Robert Koch-Institute in Berlin (Germany) and Bruker Optics (Germany) 

during which a prototype of a dedicated IR accessory for high throughput screening of 

dried microbial samples was developed, the HTS-XT90. By 2001 as many as 40 publications 

on “Discrimination, classification, identification of microorganisms using FT-IR 

spectroscopy and chemometrics” had been published and were comprehensively reviewed 

by Mariey et al92. Mid-IR spectroscopy in combination with different chemometric methods, 

most frequently PCA and HCA (hierarchical cluster analysis, an unsupervised clustering 

method), has since become an established method for the identification and differentiation 

of microorganism. Furthermore, Naumann gave a comprehensive overview of infrared 

spectroscopy in microbiology in his chapter of the Encyclopedia of Analytical Chemistry93. 

Santos et al. reviewed the use of FT-IR spectroscopy for the identification and 

characterization of filamentous fungi and yeast and concluded that due to the fast and easy 
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sample preparation and the relatively inexpensive equipment it is a method well suitable 

for use in medical laboratories and hospitals or food and water industries. 

Apart from identification and differentiation, mid-IR spectroscopy has been successfully 

used to investigate the biochemical response of microorganisms to different culture 

conditions and the accumulation of intracellular productsi, e.g. inclusion bodies. A non-

exhaustive list of publications on this can be found in Table 4. In this regard, mid-IR 

spectroscopy clearly qualifies as a PAT tool, as the spectra can help to elucidate 

physiological responses to changes of critical process parameters and the kinetics of 

product formation.  

Zeroual et al.94 were the first ones to report on differences in spectra of dried bacteria 

(Bradyrhizobium japonicum) in response to different culture conditions. FT-IR spectroscopy 

has since been used for the investigation of different physiological states of bacteria due to 

cell cycle stage95,96 or as a response to extracellular stressing agents97,98. FT-IR 

spectroscopic studies on yeast cells and their metabolism cover the autolysis of S. cerevisiae 

in a base wine studying partial hydrolysis of proteins, increase of peptides, free nucleotides, 

lipids, mannans, and beta-1,3 glucans99,100. Furthermore the metabolomic alterations of 

S. cerevisiae induced by four chemical compounds: ethanol, sodium hypochlorite, sodium 

chloride and sulfur dioxide101, and the biosurfactant N-alkyltropinium bromide102, were 

investigated. Kuligowski et al.103 developed a rapid method for the discrimination of entire 

P. pastoris cells grown under different conditions based on the direct acquisition of mid-IR 

spectra in the bio-fingerprint region (900 – 1800 cm-1) and PLS-DA (partial least squares-

discriminant analysis).  

The application of FT-IR spectroscopy of whole microorganisms for the analysis of 

intracellular products was shown for E. coli (poly(beta-hydroxybutrate)104 and recombinant 

proteins105,106), Bacillus subtillis (poly-glutamic acid)107, Pseudomonas fluorescens 

(alginate)108, Rhodotorula (fatty acid content)109 and different strains of Pseudomonas 

aeruginosa, Streptococcus mutants and Staphylococcus epidermidis (total carbohydrate 

content)110. In most cases quantification was achieved by PLS-regression, except for Refs. 

94 and 99, where difference spectra and band area ratios, respectively, were used.

                                                             
i The spectral features reflecting different physiological states result from differences in cellular composition, 
which is of course also the case when a product is accumulated intracellularly. The major difference is that the 
production of a product is desired and often realized recombinantly, while changes in the physiological state of 
the microorganisms can be undesired and are simply a response the cells’ environment. 



 

Table 4: FT-IR spectroscopic studies on physiological states of microorganism, intracellular products and metabolites. 

Publication Microorganisms Method Aim of the study 

W Zeroual et al. 199494 Bradyrhizobium japonicum  transmission response to different culture conditions / media 

D Helm et al. 199595 Bacillus subtilis, Clostroidia transmission intracellular capsules of poly-glutamic acid, endospore production 

KC Schuster et al. 199996 C. beijerinckii transmission / HCA acetone-butanol-ethanol fermentation, physiological states  

M Kansiz et al. 2000104 E. coli transmission / PLS quantification of intracellular poly-(beta-hydroxybutyrate)  

D Ami et al. 2005105 E. coli transmission microspectroscopy kinetics of inclusion bodies (recombinant lipase); difference spectra 

D Ami et al. 200698 E. coli microspectroscopy membrane composition due to cellular stress 

S Gross-Selbeck et al. 2007106 E. coli HTS-XT / PLS-R quantification of inclusion bodies (protein) 

L Marcotte et al. 2007110 P. aeruginosa, Streptococcus, 
S. epidermidis 

transmission / band area ratios quantification of total (poly-)saccharide content  

M Burattini et al 2008111 S. cerevisiae transmission & ATR 
microspectroscopy / HCA, PCA 

investigation of autolysis 

(AP Dean et al. 2008112) Chlamydomonas reinhardti 
(algae) 

double-transmission synchrotron 
microspectroscopy 

investigation of carbon allocation in response to growth phase and 
phosphorus concentration in medium 

M Cavagna 2010100 S. cerevisiae ATR microspectroscopy / PCA monitoring of autolysis during wine production 

L Corte et al. 2010101 S. cerevisiae HTS-XT / PLS quantitative stress response to ethanol, sodium hypochloride, sodium 
chloride, sulfur dioxide 

RK Saharan et al. 201197 Pachysolen tannophilus KBr tablets effects of physiological stress induced by ethanol 

E Correa et al. 2012108 Pseudomonas fluorescens HTS-XT / PCA, CVAa, PLS intracellular alginate, cellular composition due to different media 

J Kuligowski et al. 2012103 P. pastoris transmission microspectroscopy / 
PLS-DA 

differentiation between physiological states induced by N- and P-
limitation 

J Vongsvivut et al. 2013109 strains of Rhodotorulab, 
Thraustochytriumc 

microspectroscopy / PCA, PLS-DA, 
SIMCAd, HCA, PLS 

differentiation and quantification of polyunsaturated fatty acid content 

L Corte et al 2014102 S. cerevisiae, Candida albicans HTS-XT stress response to N-alkyltropinium bromide (biosurfactant) 
a canonical variate analysis 
b a marine yeast 
c algae-like fungi 
d Soft independent modelling by class analogy 
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These reports clearly demonstrate the potential of FT-IR spectroscopy for identification 

and investigation of different physiological states of microorganisms and the possibility for 

quantification of intracellular products. In this thesis, the quantification of the storage 

carbohydrates trehalose and glycogen in S. cerevisiae during N-limited growth by FT-IR 

microspectroscopy was shown off-line (Publication II). Employing a novel ultrasound 

enhanced in-line ATR probe, the spectral changes of the cells could also be observed in-line 

during fermentation (Publication III). 

2.3 Acoustic particle manipulation of cells 

Acoustic particle manipulation has been used for touch-free, gentle manipulation of 

biological cells and microorganisms in macro- and microfluidic (sensor) set-ups. A number 

of articles in the recent Acoustofluidics Series in Lab on a Chip113 covered different 

applications for sorting, filtration, separation and concentration of cells: Lenshof et al.114 

reviewed microscale continuous flow set-ups, while acoustic trapping of particles and cells 

in microfluidic systems was covered by Evander and Nilsson115. Wiklund et al.116 report on 

enhancement of immunoassays and particle sensors by ultrasound, both in microfluidic and 

macrofluidic set-ups.  

Concentration and filtration of cells can be performed in the same set-up: a standing wave 

is built up inside a flow channel with half-wavelength width, i.e. the pressure nodal plane is 

located in the center of the channel parallel to the flowi. The cells are concentrated in the 

pressure nodal plane and the flow is split into different fractions at the end of the channel. 

One fraction contains the concentrated cell suspension, the other fraction filtered medium. 

This principle was successfully used for concentration of red blood cells (RBCs) and 

prostate cancer cells117, the removal of RBCs for the preparation of diagnostic plasma for 

clinical analysis118, the separation of RBCs and platelets in a high-throughput device119 and 

for separation of lipids and somatic cells in raw milk for subsequent separate FT-IR 

analysis30, to name but a few. 

Most studies on yeast cells employ larger scale ultrasonic filters for the enrichment or 

filtration of cells. Several reports on the filtration of S. cerevisiae and E. coli in different 

macroscopic resonator set-ups showed that the larger yeast cells (approximately 5 µm 

diameter) could be efficiently removed, while for the smaller bacteria (approximately 1 µm) 

                                                             
i The direction of sound propagation is perpendicular to the flow. 
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the set-up proved less efficient at similar cell concentrations120–122. The large difference in 

efficiency could successfully be used for separation of the two cell types121. The dynamics of 

aggregation of S. cerevisiae was studied in a two-wavelength123 and a half-wavelength123 

ultrasonic trap, respectively. A microfluidic device for transferring yeast cells from one 

medium to another (cell washing) was presented in 2004124. Radel et al. investigated the 

viability38 and morphology125 of S. cerevisiae in standing and propagating wave fields in a 

multi-wavelength resonator. In a similar set-up the spatial arrangements of S. cerevisiae in 

the ultrasonic standing wave field was studied by immobilizing them in an acrylamide gel in 

situ126 and their proliferation was later studied by immobilization in an agar gel46. Radel et 

al. successfully positioned suspended S. cerevisiae in the focus of a confocal Raman 

microscope and showed that the resulting spectrum was significantly higher than that 

obtained from the freely suspended cells127. Furthermore, the agglomeration of S. cerevisiae 

in a standing wave field was exploited for on-line bioprocesses monitoring by ATR 

spectroscopy128. The set-up described by Jarute et al.64 for the on-line determination of 

intracellular PHB concentration in E. coli was slightly modified: by placing an ultrasound 

transducer opposite the ATR element a resonator was constructed. Spectra of yeast cells 

could be acquired faster due to the increased settling speed of the cell aggregates as 

compared to freely suspended cells. 

In this thesis, acoustic particle manipulation was combined with in-line ATR probes to 

enable the acquisition of mid-IR spectra of cells in suspension. With a prototype in-line 

applicable ultrasound enhanced ATR probe (prototype 1) selective acquisition of 

S. cerevisiae spectra in a stirred suspension could be shown (Publication I). With a second 

prototype (prototype 2), which was designed and built according to ASME (American 

Society of Mechanical Engineers) Bioprocessing equipment regulations129, mid-IR spectra of 

S. cerevisiae could be recorded in-line during fermentation for the first time (to the best of 

the author’s knowledge). Spectral changes due to the intracellular accumulation of 

trehalose and glycogen could be confirmed by PCA (Publication III). 





 

3 ULTRASOUND ENHANCED IN-LINE ATR PROBE 

The limited penetration depth of the evanescent wave, approximately 1 to 2 µm, has so far 

made the in-line acquisition of mid-IR spectra of suspended solid particles, e.g. cells, 

basically impossible. A reversible agglomeration of the particles within the evanescent field 

needs to be achieved – while not interfering with the mid-IR spectra or the process, without 

altering the particles, with high reliability and employing small components to make 

integration in an in-line probe possible. 

The main goal of this thesis was the development of such a method for the acquisition of 

mid-IR spectra of cells – and other solid particles in suspension – in-line. This was achieved 

by using acoustic radiation forces exerted by ultrasound in the MHz-regime to deliberately 

position the cells in the sensitive region of an ATR mid-IR probe or away from it. The 

principle was first shown by Radel et al.130 in a dedicated experimental vessel using an 

in-line applicable ATR probe fixed opposite an ultrasound transducer for the acquisition of 

mid-IR spectra of (sub-)micron-sized PTFE particles suspended in tetrahydrofuran. In the 

following chapter the working principle, design considerations for bioprocess monitoring 

probes, and two prototype ultrasound enhanced in-line ATR probes are presented. 

3.1 Acoustic particle manipulation and ATR spectroscopy 

The primary axial radiation force exerted by an ultrasonic (standing) wave can be used to 

move particles in suspension into the evanescent field of an ATR element, or to keep them 

away from it. Spectra of particles can thus be acquired even in stirred suspensions. A 

resonator is built up between an ultrasound transducer and the ATR probe that is placed 

opposite it and serves as reflector for the ultrasound. A schematic of the principle is shown 

in Figure 15. The pressure nodal plane of the standing wave is located between either just 

inside of the surface of the ATR probe (Figure 15 left) when the “pushing frequency”, fp, is 

used, and a quarter-wavelength, i.e. 𝜆𝜆 4�  of the acoustic wave, away from it (Figure 15 right), 

when the resonator is driven at the “retracting frequency”, fr. Since the penetration depth of 
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the IR beam, and thus the sensitive region of the ATR probe, is limited to 1 to 2 µm, 

contributions of the cells to spectra acquired during the application of the retracting 

frequency fr can be safely excluded. 

The combination of the two methods for the targeted acquisition of mid-IR spectra of 

particles in suspension was first described and patented by Lendl, Radel and 

Brandstetter130–132. In a previous project Brandstetter132 investigated the potential 

interaction between the ultrasonic and the evanescent field. He concluded that, due to the 

different nature of the waves and the differences in frequency, the only effect of the 

ultrasonic field is an increase in temperature of the host fluid (due to damping of the 

acoustic wave). As the IR-absorption of water depends strongly on temperature, the heating 

due to the ultrasonic field would lead to changes in the absorbance. Brandstetter showed 

that this is indeed the case until (thermal) equilibrium is reached. In the present work 

heating is of no concern, as temperature is well controlled in bioreactors. 

 
Figure 15: Working principle of the ultrasound enhanced in-line ATR probe: the two modes of 
operation. The stationary envelope of the pressure amplitude distribution is indicated in light grey. 
Adapted from Koch et al. (2015) – Publication III. (CC-BY license) 

3.2 Design requirements 

In order to exploit ultrasonic particle manipulation for in-line mid-IR ATR spectroscopy, a 

suitable resonator configuration had to be constructed. The basic idea for realizing this was 

to build an accessory that contained the ultrasound transducer and the wiring for it, into 

which a commercial ATR probe could be inserted. Basically it consists of a tube with an 

outer diameter of 25 mm and an inner diameter chosen such that the ATR probe fits tightly. 
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A with water-tight housing containing the ultrasound transducer is attached to it in such a 

way that sample can freely flow between the ATR probe (holder) and the ultrasound 

transduceri. The whole construction has to be compatible with a standard 25-mm-port of a 

bioreactorii, needs to be autoclavable, and comply with ASME rules for constructions of 

bioprocessing equipment (ASME BPE [Bioprocessing Equipment])129.  

3.2.1 Resonator construction 

Planar, parallel surfaces of transducer and reflector are important, as they ensure that an 

acoustic standing wave can be built up and as little acoustic energy as possible is lost. A 

detailed analysis of the effect of an inclined reflector wall on the resonance quality factor Q 

(a description of the sound attenuation of a material or system at a given acoustic 

wavenumberiii; the higher the resonance quality factor, the more acoustic energy is stored 

within the acoustic standing wave and thus the higher the primary axial radiation force 

𝐹𝐹𝑧𝑧𝑟𝑟𝑟𝑟𝑟𝑟) is given by Gröschl133: for 32 mm resonator length, an inclination of the reflector of 

only 1 mrad leads to a 10 to 20% decrease of the quality factor. 

Therefore, the ultrasound transducer and the reflector, i.e. ATR probe, need to be held as 

plane-parallel to each other as possible. As the whole device is inserted into a bioreactor, it 

has to be robust against vibrations introduced by stirring (i.e. the motor). Furthermore, an 

electrical connection of the piezoelectric transducer with a signal generator has to be 

incorporated. The thinnest off-the-shelf coaxial cable available at the time of design was 

1.37 mm in diameter, thus a channel of at least 2 mm diameter had to be implemented. 

The ultrasound transducer housing is limited to an outer diameter of 25 mm, has to be 

water-tight, and hold the transducer safely in place. Furthermore, during the assembly of 

the probe, soldering of the signal transmission cable to the PZT’s bull’s eye electrode has to 

be possible. Macor®, a class ceramic developed by Corning Inc. (USA), was identified as a 

suitable carrier layer for the ultrasound transducer. It has similar acoustic properties (mass 

density and speed of sound) as borosilicate glass, which has been successfully used as 

carrier in previous studies133,134, but has the advantage of being machinable. 

                                                             
i Similar to in-line NIR transmission probes. 
ii 25-mm ports are commonly found in industrial bioreactors and in bioreactors used for process development. 
Another commonly used diameter is 12 mm, due to the diameter of typical ATR probes, construction of an 
ultrasound accessory that could incorporate such a probe was not feasible.  
iii 𝑄𝑄 = 𝑘𝑘

2𝛼𝛼
, where 𝑘𝑘 is the wavenumber of the acoustic wave and 𝛼𝛼 is the attenuation coefficient. 
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3.2.2 ATR probe 

In a previous study two different ATR probe tip configurations were tested for applicability: 

one that has a truncated conic ATR element protruding from it and one that has a plane 

surface into which the ATR element is integrated. It was possible to acquire spectra of 

suspended particles (PTFE and S. cerevisiae, respectively) with both probes, however, as the 

sensitive region of the truncated cone-shape ATR are on its lateral surface, an additional 

ultrasound reflector element had to be designed and attached to the ATR probe to 

successfully agglomerate particles in this region130,132. Using the flat-tipped probe, this 

additional reflector could be avoided. Therefore, only flat-tipped ATR probes were used in 

the present work.  

As mentioned before, the outer diameter of the ultrasound accessory needs to fit into a 25-

mm-port, thus the diameter of the ATR probe should not exceed approximately 15 mm, to 

ensure that the remaining wall thickness can house the cable for signal transmission to the 

ultrasound transducer and at least one O-ring for sealing against the port. 

3.2.3 Bioprocessing equipment requirements 

Bioprocessing equipment needs to comply with certain rules concerning the design and 

employed materials. A rule that had to be taken into consideration is the “3D rule” to 

prevent dead legs, i.e. notches, blind holes or piping segments that are exposed to the 

process, but do not experience the normal flow. In a bioreactor dead legs can lead to issues 

with sterility, as the required temperatures for autoclaving cannot be guaranteed in the 

dead leg and cells could settle there. The 3D rule states that the depth of a sealed piping 

segment, blind hole or notch should not be more than three times its diameter. This way the 

turbulent flow maintained inside the bioreactor by stirring keeps up a constant flow in the 

blind hole. 

O-rings are the preferred type of sealing and were therefore used in the developed probe 

designs wherever possible. The employed materials have to be corrosion resistant, bio-

compatible and have comparable thermal expansion coefficients. Examples for FDA-

approved materials are fluoroelastomersiv or perfluoroelastomersv for seals and a number 

of stainless steels with defined surface finish. Furthermore, machinability of the employed 

                                                             
iv Commonly known by the brand name Viton® (DuPont). 
v Commonly known by the brand name Kalrez® (DuPont). 
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materials and the availability of tools have to be taken into consideration. A problem 

encountered concerning these was the maximum drillable length of a (straight) 2 mm hole 

in stainless steel.  

3.3 Prototype 1 

The first in-line applicable prototype was designed in cooperation with Stefan Radel, 

Markus Brandstetter and Volker Bauer. A detailed (German) description can be found in 

Bauer’s project report135, the engineering drawings are attached as Appendix A.  

Prototype 1 was built in-house (machine shop of the Institute for Applied Physics, TU 

Vienna). The availability of machines and the desired accuracy narrowed the choice of 

possible materials; in the end brass was chosen. Brass is not an FDA-compliant material for 

bioprocessing equipment, but this compromise was made to ensure timely, cost-efficient 

production. The sealings were cut from Viton® sheets and the PZT was glued to the Macor 

carrier using Araldite AV 171® (Huntsman Advanced Materials, USA), a one-component 

epoxy resin, and the bonding was subsequently heat cured. The ultrasound accessory was 

assembled and combined with a custom made fiber optic ATR probe with 6 mm diameter 

(IFS, Germany). The ultrasound enhanced ATR mid-IR probe (Figure 16) was then coupled 

to a Bruker Matrix FT-IR spectrometer using an off-axis mirror and a fiber detector-

coupling to an external liquid N2-cooled MCT (mercury cadmium telluride) detector (Figure 

17). This set-up was used for a systematic off-line characterization of ultrasound enhanced 

ATR mid-IR spectroscopy of S. cerevisiae suspensions (Publication I). A frequency power 

synthesizer (FPS2540 limited to 2.5 W output, PSI Systems, Austria) was connected to the 

PZT for ultrasonic signal generation. Furthermore, the probe was coupled to a bioreactor 

and several cycles of autoclaving were performed to test the tightness and the robustness of 

the set-up. 

 
Figure 16: Photograph (a) and rendering of the tip (b) of prototype 1. 
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Figure 17: The optical set-up used for prototype 1. A Bruker Matrix spectrometer equipped with an 
external liquid N2-cooled MCT detector was used. A parabolic mirror was used for coupling of the IR 
beam with the optical fiber. 

An exploded-view drawing of prototype 1 is shown in Figure 18; the numbers used for the 

different parts hereafter refer to the numbering in Figure 18. Basically, the construction 

consisted of the probe holder (6) into which the ATR probe (1) was inserted and a 

transducer housing (14) held opposite the end of the probe holder by three connector rods 

(10 & 11). One of the connector rods (11) had a through hole for the cable for signal 

transmission to the PZT (17). The transducer housing (14) had a through hole at the side 

facing the ATR probe (1) where the Macor carrier (16) could be inserted. An O-ring (15) 

was used to seal the carrier (16) and the housing (14) off. The top of the transducer housing 

(14) was closed by a lid (19) and a flat seal (18). The lid (19) was designed such that it 

pressed the Macor carrier (16) against the O-ring (15) and ensured tightness. A 10-mm PZT 

disk (17) was chosen, as the connector rods (10 & 11) considerably limited the available 

space. A detailed rendering of this part of the construction is shown in Figure 16. 

The construction allowed for fine-adjustment of the ultrasound resonator length, i.e. the 

distance between the ultrasound transducer and the ATR probe tip by means of a 

micrometer screw (2). By turning this screw, the ATR probe (1), which was fixed to the 

small disk (3) by a clamping sleeve (4), could be moved relative to the probe holder (6). A 

flexible membrane seal (9) was used to seal of the ATR probe and the probe holder. The 



3.3 Prototype 1 

 

53 

tube (6) was fixed to a mounting disk (7) that was screwed to the bioreactor’s Ingold port 

using a ring clamp and thus a robust connection with the bioreactor could be established. 

 
Figure 18: Exploded-view rendering of prototype 1 (adapted with permission from Ref. 135). 
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3.4 Prototype 2 

Prototype 2 was designed with knowledge gathered from experiments with prototype 1. 

Stefan Radel, Pietro Palmesi and the author of this thesis conceived the design and Pietro 

Palmesi made the engineering drawings (Appendix B) in the course of his Bachelor 

thesis136. This prototype was intended for use in-line, therefore, an FDA-approved stainless 

steel (1.4571/DIN X6CrNiMoTi17-12-2) was chosen. Furthermore, the membrane seal used 

in prototype 1 was replaced by an O-ring for increased robustness. A new, more robust 

spectroscopic set-up was available: a ReactIR 15 spectrometer, a compact, sealed process 

FT-IR spectrometer equipped with a liquid N2-cooled MCT detector, and a fiber optic DS 

(diamond) DiComp AgX (silver halide) probe (both Mettler Toledo, USA) of 1.5 m length. 

The probe and the spectrometer could be coupled via a plug and play connector and were 

fit for use in a production environment.  

The ATR probe had a diameter of 9.5 mm, therefore a redesign of the ultrasound accessory 

was necessary (Figure 19, the numbers used for the different parts hereafter refer to the 

numbering there). Rods could no longer be used to connect the probe holder (5) and the 

transducer housing (9), as the remaining wall thickness of the probe holder was not 

sufficient to attach them: while the probe holder of prototype 1 had a wall thickness of 

9.5 mm, the potential wall thickness was reduced to 7.75 mm by the larger ATR probe 

diameter when using the same concentric design. This would also have resulted in 

difficulties with the hole for electrical connection of the ultrasound transducer: the grooves 

for the outer O-ring (6) and for the inner O-ring (7), both with a width of 1.5 mm, needed to 

be 1.36 mm and 1.35 mm deep, respectively. However, with the chosen material, the 

remaining wall thickness (5 mm) would not allow for drilling a 2.5 mm hole at a length of 

approximately 64 mm without the risk of breaking the wall. Therefore, an acentric 

approach was chosen, which left enough space on one side of the probe holder (5). The 

probe holder (5) incorporated a transducer housing holder (5a) equipped with two 

positioning rods for increased stability of the transducer housing (9) and a through hole for 

the coax cable. The transducer housing was screwed to the transducer housing holder (5a) 

and the interface sealed by a flat gasket (8). In a schematic cross-section of prototype 2 

(Figure 20a) the acentric design can be seen. 
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Figure 19: Drawing of prototype 2. 
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Prototype 2 was built by a machine shop specialized in producing prototypes (APEX 

technical solutions GmbH, Austria) and subsequently assembled (Figure 20b and Figure 

21a). During assembly, a construction fault was discovered: the groove for the inner O-ring 

(7) was too close to the probe holder surface and, due to the conic shape of the ATR probe 

tip, tightness could not be guaranteed. As machining a second groove set further back 

would have led to issues with the 3D rule at the location of the initial groove, the transducer 

housing holder (5a) was extended. The extension was designed with Lego® pieces in mind: 

it was held in place by the positioning rods on the transducer housing holder and, in turn, 

incorporated positioning rods for the transducer housing (for details see Appendix C).  

The same modified (limited to 2.5 W max power output) frequency power synthesizer (FPS 

2540, PSI Systems, Austria) connected to the PZT as for experiments with prototype 1 was 

used for ultrasound signal generation and amplification. For automated frequency and 

power control a custom LabVIEW® script and GUI (graphical user interface) (National 

Instruments, USA) were developed137. Connection of the FPS 2540 with a measurement 

computer realized via a PCI I/O card (Peripheral Component Interconnect Input/Output; 

National Instruments type 6025E). The script allowed for automated switching between 

two user-defined frequencies at user-defined time intervals. 

Prototype 2 was coupled to a bioreactor (Figure 21b) and the first mid-IR spectra of 

S. cerevisiae inside a bioreactor (i.e. in situ) were successfully recorded. Changes in the 

carbohydrate content of the cells due to nitrogen-limitation, i.e. their physiological 

response to nutrient stress, could be observed from spectra recorded in-line (Publication 

III). 

 
Figure 20: Schematic cross-section of prototype 2 (a): the acentric positioning of the ATR probe relative 
to the probe housing is clearly visible. Photograph (b) of prototype 2. Both: adapted from Koch et al. 
2015 – Publication III 
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Figure 21: Photograph of prototype 2 during assembly (a): the PZT (not visible) bonded to the Macor 
carrier is already soldered to the coax cable. Prototype 2 was used for in-line measurements in a 
bioreactor. 

 





 

4 PERFORMANCE  

In this chapter the employed spectroscopic systems are presented and their performances 

are compared. Single beam spectra, i.e. the intensity the reaches the detector at each 

wavenumber when no sample is present in the beam path (i.e. the sample is air), are 

presented to give insight into the accessible wavenumber ranges and the general 

transmission characteristics of the respective set-up. For the set-ups that were used for 

measurement of aqueous samples, i.e. three in-line ATR probes and an ATR element that 

was coupled to a laboratory spectrometer for the acquisition of reference spectra, the single 

beam spectra of water as sample are given as well. All spectra were recorded with a 

spectral resolution of 4 cm-1. The intensity values cannot be compared directly between the 

set-ups, as they depend on the detector employed and the electronics used for signal 

acquisition (e.g. the gain factor). They are usually given in arbitrary units without 

dimensions. The general shape and wavenumber regions in which very little light reaches 

the detector, i.e. where the intensity becomes very low or reaches zero, can however be 

compared. Additionally, the spectra of suspended S. cerevisiae sedimented onto ATR surface 

and pushed against it by the acoustic radiation force are compared for the probes used in 

the two prototypes. An overview over the spectroscopic systems, the accessible 

wavenumber regions and their use within the publications that make up this thesis is given 

in Table 5. 

Table 5: Spectroscopic measurement set-ups used in this thesis, the respective accessible wavenumer 
regions. 

Measurement set-up Wavenumber range (cm-1) Publication 
in air in H2O 

Bruker Matrix spectrometer & prototype ATR probe 1800 – 600 1400 - 700 I 
Bruker Hyperion 3000 coupled to Tensor 37 4000 – 700 n.a. II 

Bruker Tensor 37 equipped with Platinum ATR 3600 – 2400 & 
1900 - 800 

3100 – 2400 & 
1900 - 800 

III 

Mettler Toledo ReactIR 15 & fiber optic DiComp probe 1800 – 850 1800 – 1750 & 
1550 - 900 

III, IV, V 

Mettler Toledo ReactIR 45 & optical conduit DS4 probe 3600 – 2600 & 
1900 - 800 

3000 – 2600 & 
1800 - 900 

V 
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4.1 Bruker Hyperion 3000 coupled to Tensor 37 

The Hyperion 3000, a FT-IR microscope, was used for acquisition of off-line spectra of 

microorganisms. Drops of washed S. cerevisiae suspensions were deposited on ZnSe and 

CaF2 slides and the liquid phase was allowed to evaporate. Transmission spectra of the 

dried cells were obtained with a 15x Cassegrain objective and a liquid N2-cooled single-

point MCT detector. A Bruker Tensor 37 coupled to the microscope served as 

interferometer. The proprietary software OPUS (versions 6.5 and 7.0, Bruker Optics, 

Germany) was used for instrument control and data recording. The microscope was 

equipped with an automated x-y-z-stage. Due to the broad transmission ranges of ZnSe, the 

complete mid-IR spectrum is accessible with this set-up (Figure 22).  

 
Figure 22: Single beam spectrum recorded with the Bruker Hyperion 3000 microscope coupled to the 
Tensor 37 spectrometer with a ZnSe slide, as used for transmission measurements of dried cell samples, 
in the beam path. 

4.2 Bruker Tensor 37 equipped with Platinum ATR 

A Bruker Tensor 37 spectrometer equipped with a DTGS (deuterated tryglycine sulfate) 

detector and a Bruker Platinum ATR, a single bounce diamond ATR element, was used for 

the acquisition of reference spectra carbohydrates in solution and in crystalline form. The 

short interaction path length with water is reflected by the relatively small intensity 
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reduction between 1800 and 900 cm-1 (Figure 23) compared to air. The wavenumber 

region between 1900 and 2400 cm-1 is not accessible for measurements due to the 

absorption of the diamond ATR element. Even though the set-up was constantly purged 

with dry air, intense water vapor bands are visible (1400 – 1800 cm-1). 

 
Figure 23: Single beam spectra recorded with the Bruker Tensor 37 spectrometer equipped with 
Platinum ATR in air (black line) and with a drop of water deposited on the ATR surface (blue line). 

4.3 Prototype 1: Bruker Matrix & prototype ATR probe  

For optimum exploitation of acoustic particle manipulation a custom-built, flat-topped ATR 

probe was acquired from Infrared Fiber Sensors (IFS, Germany). It was coupled to a Bruker 

Matrix spectrometer with an off-axis mirror; a photo of the optical set-up can be seen in 

Figure 17 (page 52). Opus 6.5 was used for instrument control and data recording. From 

the single beam spectra of the set-up with either air or water as sample two things are 

evident: the higher wavenumber region (above 1800 cm-1) is not accessible and water 

significantly lowers the transmission in the lower wavenumber region (Figure 24a). The 

high-wavenumber cut-off is due to the transmission characteristics of the AgX fiber and the 

diamond ATR element, respectively. A possible explanation for the strong decrease of 

transmission is that the angle of incidence 𝜗𝜗𝑖𝑖 is close to the critical angle for total reflection 
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𝜗𝜗𝑐𝑐 for total reflection at the interface of the diamond ATR element and water. This leads to a 

higher penetration depth into the sample and therefore higher absorption. 

This spectroscopy set-up was used in prototype 1 for the acquisition of spectra of 

S. cerevisiae in suspension. In order to assess the maximum achievable absorbance from 

yeast cells, a drop of a suspension was placed on the horizontal ATR surface (i.e. the probe 

was held vertically) and the cells were allowed to sediment. Mid-IR spectrai were 

continuously recorded until the absorbance did not change any more (Figure 24b, black 

line). This was compared to spectrum obtained by pushing the cells against the ATR 

element by the acoustic radiation force, i.e. during the application of the pushing frequency 

𝑓𝑓𝑝𝑝, when the probe was immersed in a yeast suspension (Figure 24b, red line). Lower 

absorbance values were found for ultrasound-enhanced spectra, indicating that fewer cells 

were in the sensitive region of the ATR element than for the sediment. There are several 

possible explanations for this: for one, the probe was held at an angle of 135° during 

ultrasound enhanced spectrum acquisition, i.e. the acoustic radiation force was working 

against gravity (at a 45° angle). When the cells start to form larger agglomerates under the 

influence of the radiation force, at some point the gravitational force becomes larger than 

the radiation force (as used in acoustic cell filters42,134). Secondly, only cells present in the 

small volume between the ATR surface and the first pressure antinode (compare Figure 15 

right, page 48) will be pushed against the surface and thus contribute to the spectrum, 

while basically all cells present in the suspension above the ATR element’s surface could 

contribute to the spectrum of the sediment. Furthermore, investigations of the spatial 

arrangement of yeast cells in the pressure nodal planes of a standing wave field46,126 

indicated that the cells were not densely packed and were not in direct contact with each 

other (i.e. not touching). The “thickness” of the agglomerates, i.e. the number of cells held 

within a pressure nodal plane in direction of sound propagation, was found to vary along 

the pressure nodal plane from single cells to five or ten cells; an effect of the primary 

transverse radiation force. When the cells sediment, one would assume a relatively close 

packing with the cells touching each other.  

                                                             
i Water was used as a background. 
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a) 

 

b) 

 
Figure 24: a) Single beam spectra recorded with a Bruker Matrix spectrometer coupled to the fiber optic 
probe used in prototype 1 in air (black line) and with the probe submerged in water (blue line). b) 
Spectra of S. cerevisiae suspended in water: after sedimentation onto the horizontal ATR element’s 
surface (black line) and by pushing the cells against the ATR by the acoustic radiation force (red line). 

4.4 Prototype 2: Mettler Toledo ReactIR 15 & fiber optic DS DiComp probe 

The ReactIR 15, a compact, sealed, process spectrometer equipped with a liquid N2-cooled 

MCT detector, was connected to a DS DiComp 1.5 m AgX probe (both Mettler Toledo 

Autochem, Switzerland/USA). Spectrometer control and data recording was handled by the 

dedicated software iC IR 4.2. This spectrometer and probe were specifically chosen for 

in-line bioprocess monitoring as they could be combined with the ultrasound accessory. 

The upper limit of the accessible wavenumber range is again governed by the IR 

transmission of the silver halide fiber and the diamond ATR element. Multiple internal 

reflections lead to a discernable decrease in transmission when water is used as sample 

(compare Platinum ATR, which is a single bounce ATR element), but it is still satisfactory 

(Figure 25a).  

The set-up was used in prototype 2 for the acquisition of spectra of S. cerevisiae in situ 

during fermentation. Using the same experimental protocol as for prototype 1, the 

maximum attainable absorbance from yeast cells was assessed and compared to the 

absorbance found when cells were pushed against the ATR element’s surface (Figure 25b). 

Similar to prototype 1, lower absorbance values were found when the cells were pushed 

against the ATR element’s surface. Spectral features, however, were better resolved with 

this probe compared to prototype 1. 
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a) 

 

b) 

 

Figure 25: a) Single beam spectra recorded with the Mettler Toledo ReactIR 15 spectrometer equipped 
with DS DiComp AgX probe (prototype 2) in air (black line) and with a drop of water deposited on the 
ATR surface (blue line). b) Spectra of S. cerevisiae suspended in water: after sedimentation onto the 
horizontal ATR element surface (black line) and by pushing the cells against the ATR by the acoustic 
radiation force (red line). 

4.5 Mettler Toledo ReactIR 45 & optical conduit K4 probe 

In addition to the above mentioned ReactIR15 equipped with the fiber optic probe, a more 

sophisticated process spectrometer could be tested during this thesis: the ReactIR 45 

equipped with a liquid N2-cooled MCT detector. Here, an optical conduit probe with a 

diamond ATR sentinel probe head for coupling to a 25-mm Ingold standard port was used. 

The conduit probe was equipped with four mirrored knuckles to facilitate connection to the 

fermenter. One of the mirrors of the conduit is adjustable by three screws to optimize light 

transmission in different conduit positions. Spectrometer and optical conduit were purged 

with dried air. Water as sample leads to a reduced transmission compared to air (Figure 

26); the decrease is slightly lower than observed for the fiber optic ATR probe connected to 

the ReactIR 15.  
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Figure 26: Single beam spectra recorded with the ReactIR 45 equipped with an optical conduit ATR 
probe with either air (black line) or water (blue line) as sample. 

 





 

5 INTRODUCTION TO PUBLICATIONS 

In this chapter, summaries of the experiments conducted for and the findings of papers 

published and drafted for this cumulative thesis are given. They are adaptations of the 

respective abstracts of publications and re-used with permission (CC-BY). Table 6 lists the 

author’s contribution to the individual publications. 

Table 6: Author’s contribution to the publications for this cumulative thesis 

 Publication 

 I II III IV V 

Design of experiment xxx xx xxx xxx xxx 

Data acquisition xxx x xxx xxx xxx 

Data analysis xxx xxx xxx xx xxx 

Interpretation xxx xxx xxx xx xxx 

Draft/revision of manuscript xxx xx xxx xxx xxx 

Level of involvement xxx… strong, xx… medium, x… little 

Publication I 

Ultrasonic Manipulation of Yeast Cells in Suspension for Absorption Spectroscopy with an 

Immersible Mid-Infrared Fiberoptic Probe 

Cosima Koch, Markus Brandstetter, Bernhard Lendl, Stefan Radel, Ultrasound in Medicine 

and Biology 39(6) (2013), 1094-1101. DOI: 10.1016/j.ultrasmedbio.2013.01.003 

This paper shows applicability of ultrasound-enhanced ATR spectroscopy of suspensions 

presented by Lendl et al.131 to S. cerevisiae. First an experimental set-up as described in 

Radel et al.130 and subsequently prototype 1 of the ultrasound enhanced ATR mid-IR in-line 

probes was used. The experimental set-up consisted of a brass chamber with openings on 
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opposing walls, one of which held the ATR probe, the other the ultrasound transducer. The 

two other walls were made of glass to allow for visual inspection and the angle between 

acoustic radiation force and gravity was 90° (the ATR probe was held horizontally). 

Prototype 1 was immersed into a beaker at an angle of about 45° (facing downwards), 

therefore the angle between the acoustic radiation force and the gravitational force was 

approximately 135°. For the two set-ups different pushing frequencies were found that 

enabled the acquisition of cell spectra: 1.863 MHz and 1.990 MHz, respectively. A 

comparison of the maximum absorbance values reached when letting a S. cerevisiae 

suspension settle onto the vertically positioned ATR probes (i.e. the ATR element was 

horizontal) with values reached when the same suspension was used to acquire cell spectra 

in the experimental set-up and with prototype 1 showed that approximately 50% and 30% 

of the respective maximum absorbance could be reached. This was attributed to the fact 

that the acoustic radiation force worked partially against the gravitational force acting on 

the cells in prototype 1. 

Furthermore, the repeatability of pushing cells against the and away from the ATR element 

and the influence of cell concentration on the obtained signal were investigated for 

prototype 1. It was found that the maximum mid-IR absorption of S. cerevisiae-specific 

bands during application of a sequence of switching between pushing and retracting 

frequency correlated with cell concentration. These bands also increased faster, i.e. reached 

the maximum attainable value faster, for higher cell concentrations when the pushing 

frequency was applied. 

The results of these experiments led to the development of prototype 2 (Publication III). 

Publication II 

Determination of carbohydrates present in Saccharomyces cerevisiae using mid-infrared 

spectroscopy and partial least squares regression 

Maria Reyes Plata, Cosima Koch, Patrick Wechselberger, Christoph Herwig, Bernhard Lendl, 

Analytical and Bioanalytical Chemistry 405(25) (2013), 8241-50. DOI: 10.1007/s00216-

013-7239-9 

This paper shows the feasibility of quantitative determination of carbohydrates in dried 

S. cerevisiae cells by transmission FT-IR microspectroscopy and PLS-R. In order to build the 
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regression models, reliable reference methods for trehalose, glucose, glycogen and mannan 

quantification had to be identified and optimized.  

High performance liquid chromatography (HPLC) coupled with a refractive index (RI) 

detector was identified as a suitable method for monosaccharide and disaccharide 

quantification. A Recex RCM-Monosaccharide Ca2+ column was used to obtain complete 

separation of glucose, mannose and trehalose peaks. Yeast cells in suspensions were 

ruptured by bead-milling in order to access the intracellular carbohydrates; samples were 

subsequently split into three aliquots: one for determination of total carbohydrates using 

the phenol-sulphuric method, one for determination of mannan as mannose by HPLC-RI 

after hydrolysis by HCl, and one for determination of glucose, trehalose and glycogen. This 

last aliquot was centrifuged and the glucose and trehalose content in the supernatant was 

determined by HPLC-RI. Glycogen, which is insoluble in water, was extracted from the 

pellet by enzymatic hydrolysis (amyloglucosidase enzyme) to glucose and subsequently 

determined by HPLC-RI. Linear concentration range, accuracy, precision, limit-of-detection 

and limit-of-quantification were examined to check the reliability of the chromatographic 

method for each analyte. 

With these reference analyses in place, the change in carbohydrate content of S. cerevisiae 

during nitrogen-limited fed-batch fermentation was studied. FT-IR spectra of washed, dried 

cells were acquired with a FT-IR microscope and PLS-R models for glycogen, trehalose, and 

mannose were successfully built. Determination of intracellular carbohydrates by FT-IR 

microspectroscopy could be performed within 30 minutes of sampling, while the reference 

analyses took between one hour and 26 hours (glycogen determination). 

The suitability of FT-IR spectroscopy for quantitative determination of intracellular 

metabolites accumulated due to nutrient stress, i.e. trehalose and glycogen, could be shown. 

These results led to the experiments presented in Publication III: could these changes also 

be observed in-line using the ultrasound enhanced ATR probe? 
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Publication III 

Ultrasound-Enhanced Attenuated Total Reflection Mid-infrared Spectroscopy In-Line Probe: 

Acquisition of Cell Spectra in a Bioreactor 

Cosima Koch, Markus Brandstetter, Patrick Wechselberger, Bettina Lorantfy, Maria Reyes 

Plata, Stefan Radel, Christoph Herwig, Bernhard. Lendl, Analytical Chemistry 87(4) (2015), 

2314-2320. DOI: 10.1021/ac504126v 

This article presents a novel method for selective acquisition of FT-IR spectra of 

microorganisms in-line during fermentation on the example of S. cerevisiae. Prototype 2 of 

the ultrasound enhanced in-line ATR probes was presented and tested in-line during fed-

batch fermentations of S. cerevisiae. The aim was to monitor changes of cellular 

composition due to nutrient limitation as observed in Publication II. Control over the 

position of the cells was achieved by tuning the ultrasound frequency: a frequency of 

2.41 MHz was used for acquisition of spectra of the cells (fp) and 1.87 MHz for retracting the 

cells from the ATR element and, therefore, allowing for acquisition of spectra of the 

medium. Investigation of different stirring speeds (600 – 1200 rpm) showed that an 

acceptable single-to-noise could be maintained at 800 rpm. The results show that the 

proposed design is fit-for-purpose. A lack of nitrogen-source in the feed medium induced 

the accumulation of storage carbohydrates (trehalose and glycogen) inside the cells. 

Changes in biochemical composition were visible in the spectra of the cells recorded in-line 

during application of fp. The method described in Publication II was used for acquisition of 

reference FT-IR spectra of samples drawn from the bioreactor. The changes observed in the 

off-line spectra corresponded to those found in Publication II, i.e. an increase in trehalose 

and glycogen was observed. Comparison with single analyte ATR spectra of trehalose, 

glycogen, glucose and mannan, i.e. the major carbohydrates present in S. cerevisiae, and 

principal components analysis revealed that the changes observed in the in-line cell spectra 

correlated well with the bands specific for trehalose and glycogen.  

The applicability and capability of ultrasound enhanced in-line ATR mid-IR spectroscopy as 

real-time PAT method for in situ monitoring of biochemistry of cells during fermentation 

could be shown. 
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Publication IV 

Multi-analyte quantification in bioprocesses by Fourier-transform-infrared spectroscopy by 

partial least squares regression and multivariate curve resolution 

Cosima Koch, Andreas E. Posch, Héctor C. Goicoechea, Christoph Herwig, Bernhard Lendl, 

Analytica Chimica Acta 807 (2014), 103 – 110. DOI: 10.1016/j.aca.2013.10.042 

This paper presents the quantification of penicillin V and phenoxyacetic acid, its precursor, 

in-line during P. chrysogenum fermentations by FT-IR spectroscopy and PLS-R and MCR-

ALS.  

First, the applicability of a mid-IR ATR fiber optic probe was assessed off-line by measuring 

standards of the analytes of interest and investigating matrix effects of the fermentation 

broth. Wavenumber regions specific for the analytes where other components of the 

fermentation broth did not interfere were identified. Subsequently, measurements were 

performed in-line during four fed-batch fermentations with on-line HPLC for the 

determination of penicillin V and phenoxyacetic acid as reference analysis. Semi-synthetic, 

i.e. using spectra of synthetic standards and in-line spectra acquired during fermentation, 

PLS and MCR-ALS models were built taking the previously identified wavenumber regions 

into account. Different preprocessing steps were tested; for both analytes and regression 

methods mean-centered first-derivate (Savitzky-Golay) spectra gave the best results 

(identified by the lowest RMSECV and RMSEP, respectively). MCR-ALS was performed using 

the following constraints: non-negativity for analyte concentrations (physical constraint), 

correspondence among species in the experiments (mass balance) and correlation of the 

concentrations of analytes in calibration samples with previously determined reference 

concentrations. 

Validation was performed by comparison of single analyte spectra with the selectivity ratio 

of the PLS models and the extracted spectral traces of the MCR-ALS models, respectively. 

The achieved RMSECV and RMSEP, respectively, were comparable: for the PLS regressions 

RMSECV of 0.22 g L-1 for penicillin V and 0.32 g L-1 for phenoxyacetic acid and for MCR-ALS 

the RMSEP were 0.23 g L-1 for penicillin V and 0.15 g L-1 for phenoxyacetic acid. MCR-ALS 

required smaller wavenumber regions than PLS for the achieved prediction/cross-

validation errors. The major difference between PLS and MCR-ALS is that PLS does not 

require any process knowledge apart from reference concentration values, while a priori 
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knowledge can and should be implemented by choosing the appropriate constraints for 

MCR-ALS. 

A general work-flow for building and assessing chemometric regression models for the 

quantification of multiple analytes in bioprocesses by FT-IR spectroscopy was derived. The 

choice  

Publication V 

Comparison of fiber optic and conduit attenuated total reflection (ATR) Fourier transform 

infrared (FT-IR) setup for in-line fermentation monitoring 

Cosima Koch, Andreas E. Posch, Christoph Herwig, Bernhard Lendl, Applied Spectroscopy 

(major) revisions under way 

In this paper, the performances of a fiber optic and an optical conduit in-line ATR mid-IR 

probe, respectively, for in situ monitoring of P chrysogenum fermentations were compared. 

The fiber optic probe was connected to a sealed, portable, FT-IR process spectrometer 

(ReactIR 15) via a plug-and-play interface. The optical conduit, on the other hand, was 

connected to a FT-IR process spectrometer (ReactIR 45) via a knuckled probe with mirrors 

that had to be adjusted prior to each fermentation and both, optical conduit and 

spectrometer were purged with dry air. Penicillin V and phenoxyacetic acid concentrations 

were determined by on-line HPLC and the obtained concentrations were used as reference 

to build PLS-R models. The same wavenumber regions were used and the same pre-

processing was applied to data acquired with both spectrometers to enable comparison of 

the RMSECV. RMSECV were found to be 0.2 g L-1 (phenoxyacetic acid) and 0.19 g L-1 

(penicillin V) for the fiber optic setup and 0.17 g L-1 (both phenoxyacetic acid and penicillin 

V) for the conduit setup. Higher noise-levels and spectrum-to-spectrum variations of the 

fiber optic setup lead to higher noise of estimated (i.e. unknown) phenoxyacetic acid and 

penicillin V concentrations than was found for the conduit setup. It seems that a trade-off 

has to be made between ease of handling (fiber optic setup) and measurement accuracy 

(optical conduit setup) when choosing one of these systems for bioprocess monitoring. 



 

6 CONCLUSIONS AND OUTLOOK 

Several contributions to advancing mid-IR bioprocess monitoring could be made in the 

course of the thesis. The herein developed technologies allowed for further insight into 

bioprocesses in terms of qualitative and quantitative changes occurring in the spectra of 

microorganisms and fermentation broth, respectively. 

An in-depth analysis of mid-IR spectra of dried whole cells acquired off-line allowed for 

monitoring changes of the chemical composition of S. cerevisiae induced by feeding with 

nitrogen-deficient medium. Qualitative changes in the spectral region of carbohydrates 

were observed. For quantitative analysis of the spectral data by PLS-R, reliable reference 

methods, i.e. wet-chemical methods and HPLC-RI, had to be established. The advantages of 

determination by FT-IR spectroscopy over the reference methods were reduced sample 

handling and faster analysis (results could be obtained within 30 minutes from sampling 

compared to between one hour and 26 hours for reference analyses). Even though off-line 

mid-IR microspectroscopy of microorganisms does not qualify as a PAT tool in the strict 

sense (off-line instead of in-line, timely results), it is a valuable tool for increasing 

bioprocess understanding and quality assurance: changes of the chemical composition of 

cells, i.e. their physiological response to process conditions or variability in raw materials, 

could be used to identify deviations from desired product quality even before they occur. 

This opens the path for future “feed-forward” process and quality control. 

In a next step, a method for in-line acquisition of cell spectra was developed. For the first 

time, to the best of the author’s knowledge, mid-IR spectra of cells could be recorded in-line 

during fermentations. This was achieved by the combination of ultrasonic particle 

manipulation with a mid-IR ATR fiber optic probe. A prototype ultrasound enhanced fiber 

optic mid-IR ATR probe was designed and constructed in accordance with ASME standards 

for bioprocessing equipment: a small, robust, process spectrometer and fiber optic probe 

were combined with an in-house developed and optimized ultrasound accessory. Real-time 

monitoring of changes of cellular composition was thus possible without the need for 

removal of a sample from the process environment. 
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The described method was robust against stirring at speeds usually employed in 

bioprocessing and aeration did not influence the acquisition of spectra. The quality of the 

obtained cell spectra, i.e. the signal-to-noise-ratio, however, was significantly lower than 

that of spectra of dried cells acquired off-line. This was attributed to the absence of water in 

off-line spectra and the use of a high-end laboratory microspectrometer. The high spectral 

background of water furthermore leads to a restricted wavenumber region available for 

analysis. Quantitative analysis was therefore not possible, but qualitative changes were 

identified by PCA and correlated well with spectral features of the carbohydrates of 

interest. 

The fact that changes in the carbohydrate content of S. cerevisiae could be observed 

qualitatively using the novel ultrasound enhanced in-line fiber optic ATR probe is a step 

towards chemical analysis of whole cells in-line in real-time. There is clearly room (and 

need) for improvement of spectral quality. A comparison of state-of-the-art process 

spectrometers and ATR probes for in-line quantification of solutes in the medium of 

P. chrysogenum fermentations showed that the signal-to-noise level and overall stability 

was higher for a high-end process spectrometer equipped with an optical conduit ATR 

probe than for a compact, robust, process spectrometer equipped with a fiber optic ATR 

probe. This was attributed to two factors: the high absorption of the AgX fiber compared to 

the optical conduit, which leads to a reduction in transmitted intensity and a limited 

wavenumber range, and the less sophisticated spectrometeri. The large diameter of the 

available optical conduit ATR probe, however, made the integration of an ultrasound 

accessory for this probe impossible.  

One possibility to minimize the effects of the optical fiber is the miniaturization of the 

spectroscopic set-up. A monolithic approach could be realized using a broadly tunable QCL 

(quantum cascade laser) as mid-IR source and a planar optical waveguide as sensor 

element integrated into the probe shaft. The high spectral power density of QCLs allows for 

increased interaction lengths with aqueous samples (in transmission up to 165 µm in the 

carbohydrate range138 and 38 µm in the amide I region139, which coincides with the strong 

absorption of water due to the H-O-H bending vibration, were realized) which could be 

realized using surface-sensitive planar wave guides140. The omission of the AgX fiber would 

allow for design a compact, rugged set-up and a better signal-to-noise level. Furthermore, 
                                                             
i Unfortunately, the two spectrometers and probes used different coupling mechanisms, which made switching 
and thus a direct comparison of the spectrometers impossible. 
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the ultrasound accessory, which was currently fitted around existing probes, could be 

integrated in the probe, making fabrication easier (e.g. the long through hole for the signal 

transmission cable would not be necessary anymore as it could be integrated in the probe 

itself). 

The presented method for acquisition of spectra of suspended cells is not limited to 

S. cerevisiae, but can be employed for a multitude of smallii particles within certain physical 

restrictions. The primary axial acoustic radiation force can be used to position particles 

relative to the ATR probe given a non-zero acoustic contrast factor of particles and 

suspending medium and particle sizes larger than approximately one micrometer for a 

2 MHz acoustic wave. For a non-zero acoustic contrast factor, the particles and the 

suspending medium need to have different mass densities and/or speeds of sound (or 

compressibility); the higher the acoustic contrast factor the stronger the force.  

The lower particle size cut-off makes manipulation of bacterial cells difficult, this can 

however be circumvented by increasing the acoustic frequency. Ultrasonic particle 

manipulation has been successfully employed for positioning, filtering, and trapping of a 

variety of mammalian cell lines, making the application of ultrasound enhanced ATR 

spectroscopy for acquisition of cell spectra feasible. It has to be noted, that due to the 

limited penetration depth of the evanescent field, only the surface of the relatively large 

mammalian cells (10-50 µm diameter) is accessible for analysis. The application has to be 

tested for each system, as bioprocesses present a complex, variable environment for 

acoustic particle manipulation (stirring, acoustic contrast factor not constant over time as 

cell and media composition change over time). 

Given the multitude of reports on successful manipulation of particles by acoustic radiation 

forces, ultrasound enhanced ATR spectroscopy can be viewed as a generic method for 

acquisition of mid-IR spectra of particulate matter in suspension. Possible fields of 

application are not limited to bioprocesses, but the method could also be employed to study 

e.g. polymerization and crystallization processes. Furthermore, ultrasound particle 

manipulation could be combined with other in-line analysis methods, e.g. in-line Raman 

spectroscopy or in situ microscopy probes, making selective measurement of particles or 

suspending medium possible.  

                                                             
ii Small relative to the wavelength of the employed acoustic wave. 
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The quantification of extracellular precursor and product in P. chrysogenum fermentations 

is, to the best of the author’s knowledge, the first report on successfully employing MCR-

ALS on data acquired during fermentation taking into account the correspondence of 

chemical species. This implementation of a first principle, i.e. the stoichiometric balance, for 

calibration of spectroscopic data is a step towards science-based analysis of bioprocesses. 

The developed technologies and presented applications of mid-IR spectroscopy show its 

great potential in bioprocess monitoring and deepening of bioprocess understanding. This 

will hopefully help to promote the implementation of mid-IR spectroscopy as a standard 

PAT tool. 
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Abstract—Recent advances in combining ultrasonic particle manipulation with attenuated total reflection
infrared spectroscopy of yeast suspensions are presented. Infrared spectroscopy provides highly specific molecular
information about the sample. It has not been applicable to in-line monitoring of cells during fermentation,
however, because positioning cells in the micron-thin measurement region of the attenuated total reflection probe
was not possible. Ultrasonic radiation forces exerted on suspended particles by an ultrasonic standing wave can
result in the buildup of agglomerates in the nodal planes, hence enabling the manipulation of suspended cells
on the microscopic scale. When a chamber setup and a prototype in-line applicable probe were used, successful
control over the position of the yeast cells relative to the attenuated total reflection sensor surface could be proven.
Both rate of increase and maximum mid-infrared absorption of yeast-specific bands during application of
a pushing frequency (chamber setup: 1.863 MHz, in-line probe: 1.990 MHz) were found to correlate with yeast
cell concentration. (E-mail: stefan.radel@tuwien.ac.at) � 2013 World Federation for Ultrasound in Medicine
& Biology.

Key Words: Ultrasonic particle manipulation, Fourier transform infrared spectroscopy, Acoustic radiation force,
Ultrasonic standing wave, Attenuated total reflection, Saccharomyces cerevisiae.

INTRODUCTION

When an ultrasonic standing wave (USW) is applied to
a suspension, radiation forces are exerted on the sus-
pended particles. The origin of these forces are the spatial
gradients of the sound wave’s acoustic pressure (King
1934). Depending on the mass density and speed of sound
of the particles and the host liquid, respectively, the parti-
cles are driven into regions of vanishing displacement or
pressure. Therefore, the nodes within a standing wave are
regions where particle aggregation (or thinning) can be
observed; solid particles typically travel into the pressure
nodes of the sound field. Acoustic radiation forces have
previously been used for reliable sample concentration
in sensor applications (Coakley 1997; Hill et al. 2004),
including medical environments (Barnes et al. 1998).
Furthermore, Saito et al. (2002) showed that locomotive
particles could be manipulated/positioned by a combina-
tion of perpendicularly aligned ultrasonic standing wave
fields. The ability of an USW to deposit particles on

a surface has been investigated with functionalized
surfaces (Hawkes et al. 2004) and by optical means
(Glynne-Jones et al. 2009).

Mid-infrared (mid-IR) Fourier transform infrared
(FT-IR) spectroscopy is a well-developed method in
chemical analysis. In combination with attenuated total
reflection (ATR) sensing elements, (mid-IR) spectro-
scopy appears to be a very promising method for process
monitoring, particularly useful in (bio)process applica-
tions. The ATR technique exploits the occurrence of total
reflection of light at the interface of two media with
different refractive indices and, thus, only has a detection
range of some microns, that is, within the evanescent
field. New devices and concepts for advanced chemical
analysis based on this technique have been developed
over the years (Harrick 1967). For measurements in
suspension, additional measures are necessary to bring
a sufficient amount of suspended particles into the
evanescent field region. Recently, the mid-IR spectro-
scopic assessment of biological cell sediment onto a hori-
zontal ATR element was reported (Jarute et al. 2004;
Schn€oller and Lendl 2004). Sedimentation, however, is
not an option for in-line measurements, for example, in
bioreactors.
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The recording of an FT-IR absorbance spectrum of
a given sample consists of two successive measurements.
In each measurement the intensity recorded at the detec-
tor for different wavenumbers ~n (reciprocal l, expressed
in cm21) is recorded. First, the background spectrum
I0 (cm21) is obtained where all components but the
sample of interest are present in the optical path of the
spectrometer. In the experiments described in this work,
this corresponds to the mounted ATR unit with the active
part of the ATR element covered with solvent. Sub-
sequently, the sample, here particles contained in the
solvent, is placed on the ATR element, and the spectrum
I (cm21) is recorded. Calculation of the absorbance spec-
trum following the Beer–Lambert law

Að~nÞ52log
Ið~nÞ
I0ð~nÞ

yields the specific absorption spectrum of the sample
(particles) only, as all other contributions to the achieved
light throughput by optical components and solvent can-
cel out and only the contribution of the particles remains.

An IR absorption spectrum can be acquired in minu-
tes to seconds and delivers specific molecular information
about the sample in the optical pathway (Chalmers and
Griffiths 2002). In industrial environments it has become
state of the art to connect the ATR sensor to the spectrom-
eter with flexible mid-IR conducting fibers. With this tech-
nology, the ATR sensor can be immersed in a reactor, thus
enabling in-line assessment of the production process.

We set out to exploit the particle manipulation abil-
ities of an USW in ATR spectroscopy. USWs had already
been applied with a horizontal ATR unit, attached to
a standard FT-IR spectrometer, to improve long-term
stability during online bioprocess monitoring (Radel
et al. 2010a). In an online configuration, a process stream
is continuously taken from the bioreactor and directed to
the FT-IR spectrometer. Also, we reported the first
successful application of an USW to direct particles of
various laboratory suspensions into the evanescent field
of an ATR (Lendl et al. 2010).

In continuing these successful attempts to combine
an USW and an ATR FT-IR fiberoptic probe, we present
our results obtained with prototype setups approaching
the research goal of an in-line device, that is, a device
in which the ATR sensor is immersed in the bioreactor.
With in-line spectroscopy applications in biotechnology
in mind, we describe the application on suspensions of
Saccharomyces cerevisiae, baker’s yeast in this work.
The choice of yeast as a biological model was guided
by availability and simplicity in handling (Hawkes et al.
1997). However, in the context of ultrasonic radiation
forces, the spherical shape of the yeast cell is advanta-
geous with respect to the applicability of theoretical

results, where spherical particles are usually investigated
(Doinikov 1997; Gr€oschl 1998a; King 1934).

Generally, exposure to an USW does not harm the
cells; yeast have been shown to be viable after sonication
(Radel et al. 2000b). Moreover, it has been shown that
yeast are able to reproduce after ultrasonic arrangement
in a cluster (Gherardini et al. 2005). Only when the cells
left the pressure nodes of the USW significant alterations
in viability were observed (Radel et al. 2000a). Spengler
et al. (2000) investigated the effects of primary axial and
transverse acoustic radiation forces on yeast in a one-
wavelength resonator. They observed a distinct, repro-
ducible pattern of yeast cell clump formation, indicating
that the transverse acoustic radiation force (resulting
from the energy density distribution over the transducer
surface) can have a strong effect on cell distribution.
As yeasts are of industrial relevance, reports on the use
of ultrasound in respective bioprocesses exist (Chisti
2003; Palme et al. 2010).

To combine the optical and ultrasonic techniques it
was necessary to implement an USW in proximity of
the ATR probe tip. One way to accomplish this was
to use the ATR probe as the reflector of an ultrasonic re-
sonator. Therefore, the USW was built up between an
ultrasonic transducer and an ATR fiber probe. As a conse-
quence, suspended cells agglomerated in the pressure
nodal planes, parallel to the surface of the ATR probe
(Radel et al. 2010b). As the position of the nodal planes
depends on the driving signal, it was expected that the
precise location of these cell aggregates relative to the
evanescent field could be controlled by the ultrasonic
frequency. Figure 1 shows this effect on the example of
polystyrene beads in tetrahydrofurane (THF). One can
clearly see the particles, which agglomerated in planes.
The same behavior was expected for yeast cells in water;
however, because of the turbid appearance of yeast
suspensions, photographic proof was not feasible.

METHODS

Experimental setups
Two different setups were investigated: a brass/glass

chamber containing the suspension with the ultrasonic
field oriented horizontally and an USW equipped in-line
probe immersed in a vessel that could be inclined at
any angle relative to gravitational forces.

In both cases the ATR probe was connected to the
spectrometer by flexible silver halide fibers, and both pro-
bes contained an ATR unit at the top. Diamond was used
as theATR element because of its optical properties (refrac-
tive index) and inertness. The optical setups provided a
bandwidth from 600 to 1960 cm21, a range including the
‘‘fingerprint region’’ most important for the analysis of
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organic molecules. Spectrawere recorded by the accumula-
tion of 32 scans at a spectral resolution of 4 cm21.

For both devices, frequency values for retracting the
cells from the ATR (retracting frequency, f1) and pushing
them onto the ATR (pushing frequency, f2) were assessed
in advance. Successful control over the position of the
yeast cells relative to the ATR sensor surface was demon-
strated when significant increases and decreases in the
measured absorption bands specific to yeast occurred.

Chamber setup. The chamber (70 3 40 3 40 mm3)
consisted of a brass bottom and two brass walls opposite
each other. The other two walls were made of glass to
allow for visual observation of particle manipulation.
The ATR probe was mounted adjustably in an opening
in one of the brass walls exactly facing the ultrasonic
transducer in the opposite wall (Fig. 2).

A brass fitting with a M20 3 1 fine-pitch outside
thread and a 12-mm inner drilling enclosed the ATR
probe and maintained proper fixation within the feed-
through of the chamber. Hence, by rotation of the brass
fitting, the distance between the ATR’s front face and
the transducer surface could be adjusted; a gap width of
1.6 mm was used for the experiments described here.

The sound source, a piezoelectric sandwich trans-
ducer, consisted of a 16-mm-diameter, 1-mm-thick PZT
(lead–zirconate–titanate) element equipped with a wrap-
around electrode (PZT 181, PI Ceramics, Lederhose,
Germany) glued to a carrier. The resonance frequency of
this element was approximately 2 MHz. This carrier
was made of Macor (Corning, Corning, NY, USA), a glass
ceramic that approximately meets the acoustic properties
needed for the matching layer and is electrically insulating
as necessary. Unlike glass, however, it is machinable and,
therefore, more suitable than the glass carriers used before
in similar applications (Gr€oschl 1998b).

The IR spectra in the chamber setup were acquired
with a React IR 45 m FT-IR spectrometer and a 9.5-mm
DiComp process analysis probe (both from Mettler
Toledo, Giessen, Germany).

In-line probe. A prototype in-line probe for use inside
a bioreactor was manufactured in house. The probe was de-
signed in accordance with U.S. Food and Drug Administra-
tion regulations, and only biocompatible materials (brass,
Macor, Viton [DuPont Dow, Wilmington, DE, USA]) were
used. The sound source, a 10-mm-diameter, 1-mm-thick
PZT transducer (resonance frequency 5 approximately
2 MHz) equipped with a wraparound electrode (PZT 181,
PI Ceramics) glued to a Macor carrier, was held exactly
opposite the ATR probe by three rods, one of which acted

Fig. 1. An ultrasonic standing wave is built up between the transducer and the attenuated total reflection (ATR) probe
acting as reflector. The enlargement on the right-hand side shows the half-wavelength structure of the particle agglom-
erates (polystyrene beads were used here for demonstration purposes). By changing the frequency, the location of the
pressure nodal planes is altered, and therefore, the evanescent field of the ATR is either populated with particles or de-
populated. Taken from: Brandstetter M. Ultrasonically enhanced in-line attenuated total reflection (ATR) infrared absorp-

tion spectroscopy of suspensions. Master Thesis, Vienna University of Technology, 2009.

Fig. 2. Experimental chamber setup made of brass; on the left
hand side the Macor part of the ultrasonic transducer is visible.
Facing it, the ATR probe is mounted onto the right wall of the
chamber. By turning the fitting, the distance between the probe
and the transducer can be adjusted. The white object at the

bottom of the chamber is the magnetic stirrer.
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as a guide for the cable connecting the transducer to the
frequency power synthesizer. The distance between the
ATR probe and the transducer could be adjusted with
a micrometer screw gauge moving the ATR probe along
its axis (Fig. 3).

For the experiments described here, the in-line probe
was immersed in a beaker equipped with a magnetic
stirrer holding the cell suspensions. The angle of the
ultrasonic field with respect to gravitational forces could
be chosen arbitrarily; here it was set to 135�, with the
ATR sensor surface pointing downward.

For the in-line probe, aMatrixM FT-IR spectrometer
(Bruker Optics, Ettlingen, Germany) and a 6-mm ATR
probe (custom-built, FS, Aachen, Germany) were used.

Experimental procedure
The equipment (probe, chamber setup, etc.) was

carefully cleaned with the appropriate solvent (water,
ethanol) and dried with paper towels prior to each exper-
iment. A fresh suspension of baker’s yeast (dried active
yeast, Allinson, Maidenhead, UK) in water was prepared,
and the cell concentration was adjusted to approximately
5 3 107 cells/mL for the proof-of-principle experiments.
To investigate the concentration dependency of the
measurement system, a series of concentrations (14, 17,
20, 24, 29, 35 and 42 g/L dry weight) were measured
with the in-line setup. Depending on the setup used, the
chamber or the beaker was filled with the cell suspension
and stirred at 300–500 rpm with a magnetic stirrer placed
on the bottom.

Subsequently, a frequency power synthesizer
(FPS2540, Psi, Hinterbr€uhl, Austria) was switched on.
This device was connected to the PZT delivering the
driving signal with approximately 1 W true electrical
power input; the operating frequency was adjusted in
the range 1.8–2 MHz.

As a preliminary proof-of-principle experiment, the
appropriate ultrasonic frequencies at which the yeast cells
were pushed to and retracted from the ATR respectively

were determined. This was done by observation of the
FTIR spectra recorded when different ultrasonic frequen-
cies were applied to a yeast suspension. From the change
in absorption bands specific for yeast cells, appropriate
pushing and retracting frequencies were identified. The
location of the nodal planes is influenced by the acoustic
wavelength, which, in turn, is a function of the speed of
sound and is therefore influenced, for example, by the
ambient temperature. Thereafter, when the respective
experiments were performed, the ultrasonic field was
applied for a series of cycles at the retracting frequency
(hereafter f1) and the pushing frequency (hereafter f2),
respectively. During these sequences, IR spectra were re-
corded continuously every 10 s for experiments with the
chamber setup and every 16 s when the in-line probe was
used (the acquisition time is dependent on the optical
resolution and differed for the two spectrometers). The
change between the frequencies of the ultrasonic field
was performed as quickly as possible by turning
a knob; typically this was accomplished in less time
than it took to acquire one IR spectrum.

Switching off the ultrasonic field concluded the
sequence; in the chamber setup a purging step was per-
formed when the IR spectra suggested that some material
was attached to the ATR. This was accomplished by
driving the transducer at a frequency of about 170 kHz
at 1 W true electrical power input.

RESULTS

Measurement of reference spectra of yeast
Reference spectrawere acquired by letting yeast cells

sediment on the tip of the vertically aligned ATR fiber
probe. Figure 4 shows the resulting absorption spectra.
The bands just below 1650 cm21 and around 1550 cm21

are called amide I and amide II, respectively, and reflect
the presence of proteins in the evanescent field of the
ATR. The high absorption around 1047 cm21 is caused
by the C–O stretching and C–O–H deformation oscilla-
tions of the carbohydrates contained in the yeast cells.

Fig. 3. (Left) Workshop drawing of the in-line probe connected to the bioreactor. The position of the ATR probe could be
adjusted with the micrometer screw gauge along the axis, thus changing the resonator length between ATR probe and

transducer. (Right) Photograph of the in-line probe.
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Measurements in chamber setup
Prior to the construction and application of an in-line

probe, the brass chamber described before was used to
prove that the concept of ultrasound-enhanced ATR spec-
troscopy of suspensions presented in Radel et al. (2010b)
is applicable to yeast cells.

Figure 5 shows absorption spectra recorded during
the experiments in the chamber setup. Spectra of yeast
cells could be recorded when the pushing frequency
(f2 5 1.863 MHz) was applied at the time indicated by
the black marker arrow in Figure 6.

The gray line in Figure 5 depicts the situation when
cells are retracted from the evanescent field of the ATR by
the USW at f1 5 1.878 MHz (indicated by dark gray
marker arrow in Fig. 6). A significant decrease in absorp-
tion by carbohydrates and amide II was detected.
However, the amide I band was not lowered to the same

extent. Application of the purge field at 170 kHz some-
what cleaned up the evanescent field region, as suggested
by the further decrease in absorption (dashed line).

Figure 6 shows development of the absorption band
at 1047 cm21 (carbohydrate) during the sequences of
pushing frequency and retracting frequency. Successful
population and depopulation of the evanescent field at
the surface of the ATR probe are strongly suggested by
the steep increase in absorption at the switch to the
pushing value f2. The increase was persistent while the
transducer was driven at this frequency; however, the
rate of increase decayed. As soon as retracting frequency
f1 was applied, absorption decreased abruptly. Again an
ongoing decline was observed; however, it was less
pronounced compared with the increase.

Over the course of the experiment, the maximum
absorption reached during one cycle increased. Also,
the absorption detected in retraction mode at f1 increased
over time, suggesting the occurrence of biofouling on the
ATR surface. However, after a short application of the
purging frequency (170 kHz) at the end of the experi-
ment, the signal dropped to or even below the initial level,
suggesting that the ATR sensor surface was free of
cellular material.

Table 1 gives the maximum absorption reached when
applying the pushing frequency f2 and when letting the
cells sediment on theATR element (the same yeast suspen-
sion was used). In this setup, absorption using acoustic
radiation forces reached about 50% of the maximum
absorption when the cells sedimented onto the ATR.

Measurements with in-line probe
After the successful experiments with the chamber

setup, the in-line probe was constructed, assembled and

Fig. 4. Absorption spectrum of yeast cell sediment on top of the
ATR fiber probe tip.

Fig. 5. Absorption spectra obtained when the evanescent field
was populated with yeast cells (pusing frequency, black line)
and when it was depopulated (retracting frequency, gray line)
by the acoustic radiation forces. The dashed line represents
the measurement obtained after application of a purge field at
170 kHz at the end of the experiment. The marker arrows in

the legend refer to Figure 6.

Fig. 6. Change in the carbohydrate absorption band at
1047 cm21 during repeated applications of the pushing and re-
tracting frequencies in the chamber setup. The absorption
reflects the amount of yeast cells in the evanescent field of the

ATR probe.
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tested. For the in-line probe setup the yeast cells were
pushed into the evanescent field of the ATR probe at
f2 5 1.990 MHz and retracted at f1 5 1.956 MHz. The
repeated switching of the USW between pushing and re-
tracting frequency again resulted in distinct increases and
decreases in absorption. The absorption measured after
the ultrasonic field had been switched off was signifi-
cantly reduced, indicating that most of the cells had left
the evanescent field. The respective maximum absorption
values for the same yeast suspension when the cells were
allowed to sediment on the ATR element and when
measured in-line are given in Table 1. In the presence
of ultrasound, the maximum absorption observed was
about 30% of the value seen when cells were allowed to
sediment on the probe.

The change in the carbohydrate absorption band
over time is shown in Figure 7. Pushing frequency f2
was applied during the recording of eight absorption
spectra, where each absorption measurement is repre-
sented by a data point in Figure 7; then a switch to retract-
ing frequency f1 was made and again eight spectra were
recorded. This was repeated five times. Absorbance
increased rapidly when the switch was made from retract-
ing frequency f1 (gray bar in Fig. 7) to pushing frequency
f2 (blue bar in Fig. 7). After the switch back to f1, the
signal dropped instantaneously, indicating that the cells
were removed from the evanescent field very quickly.
The maximum absorption values were seen to increase
slightly with successive cycles. When the ultrasonic field
was switched off at the end of the experiment, the signal
dropped to zero quickly, which was assumed to be caused
by gravity; application of the purging frequency was not
necessary, in contrast to the chamber setup (Fig. 6).

Differences in the rate of increase are suggested by
the data illustrated in both Figure 6 and Figure 7. An
influence of cell concentration was suspected. The
measurements shown in Figure 8 were conducted to eval-
uate the influence of this parameter.Maximum absorption
was found to increase with yeast cell concentration, as
can be seen in Figure 8. There, the average absorption
values recorded for yeast concentrations of 14, 24 and
42 g/L are shown as an example. Moreover, during
a pushing cycle, a change in the rate of absorption
increase with yeast cell concentration is noticeable.

Values close to maximum absorption are reached faster
for 42 g/L than for 14 g/L.

To analyze this change in increase rate further, the
absorption values measured at each concentration were
normalized to the respective absolute maximum found
and the single pushes were averaged. In other words,
the respective spectra acquired during application of the
pushing frequency f2 were averaged for each time point
of the push: the absorptions acquired immediately after
applying f2 (Dt 5 16 s) were averaged, the absorptions
found at Dt 5 32 s after the switch to f2 were averaged
(i.e., the second spectrum acquired after switching to f2
for each push), and so on. The first push was omitted
because the increase differed from those for the

Table 1. Maximum absorption found when applying the
pushing frequency and when letting the cells sediment

onto the ATR element of the respective setup.

Setup

Maximum absorption (mAU)

Ultrasound Sedimentation

Chamber 23 54
In-line probe 46 164

Fig. 7. Repeated applications of the pushing (f2) and the retract-
ing (f1) frequencies recorded with the in-line probe. Population/
depopulation of the ATR is indicated by the temporal develop-
ment of an absorption band (carbohydrates) of the yeast cells.

Fig. 8. Change in absorption of the carbohydrate band with
yeast cell concentration when the pushing frequency is applied
(recorded with the in-line probe). Each data point was calcu-
lated as the average absorption measured at the time elapsed
(Dt) after sonication at pushing frequency; that is, t5 0 s corre-
sponds to the last spectrum before application of the pushing
frequency, Dt 5 16 s is the average of the first spectrum after

pushing frequency was switched on, and so on.
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consecutive six pushes for all concentrations. In Figure 9
these data are shown for yeast cell concentrations of 14,
17, 24, 35 and 42 g/L (from top to bottom). The different
increase rates are well visible; maximum absorption
is reached later at low concentrations (14–24 g/L) than
at high concentrations (29–42 g/L). Furthermore, the
variations between single pushes are reflected by the st-
andard deviations; low concentrations showed higher
push-to-push variations than high concentrations. The
standard deviation (i.e., push-to-push variation) for
14 g/L is higher than that for 17 g/L; the same holds
true for 35 and 42 g/L.

The average normalized absorption values measured
at Dt 5 16 s (first spectrum after application of f2 for
pushes 2 to 7) differ significantly from each other for
all concentrations (two-sided t-test, a 5 0.05), except
for the two highest concentrations; the mean absorption

found for 35 g/L does not differ significantly from that
found for 42 g/L. After Dt 5 80 s (fifth spectrum
after switching to f2) no significant difference was
found between mean normalized absorptions for all
concentrations, indicating that values close to the abso-
lute maximum had been reached by then for all pushes.

DISCUSSION

For both setups, substantial increases in the observed
carbohydrate absorption bands were detected immedi-
ately after application of the respective pushing frequency.
Cells located in the small volume between the ATR probe
and the closest pressure nodal plane were obviously
pushed toward the probe tip into the evanescent field
region. Subsequently, additional cells were driven into
this area because of the agitation of the suspension,
leading to an increase in the signal up to a threshold.
Moreover, the radiation forces might have increased the
cell concentration at the location of sensitivity of the ATR.

With the pushing frequency applied, the rate of
increase in absorption was observed for both experi-
mental setups. In the chamber setup, the slopes appeared
to be steeper. This could indicate an influence of the angle
between the gravitational forces and the axial ultrasonic
radiation force. This angle was different for the two
setups, with a higher net pushing force for the chamber
setup (90� between ultrasonic radiation force and gravita-
tional force) than for the in-line probe (135� between the
respective forces).

The absorption achieved when cells were actively
pushed into the evanescent field by the USW was
compared with the absorption reached by simple sedi-
mentation of yeast cells on the ATR. It revealed that
approximately 50% of the achievable absorption of the
sediment was reached in the chamber setup and roughly
30% in the in-line probe, respectively. The reason for
this difference might again be that the ultrasonic field
was horizontal in the chamber setup, whereas the radia-
tion forces had to push the cells 135� upward against
gravity in the case of the in-line probe.

The increase in the peak value of absorption over
several cycles of switching between retracting and
pushing frequency is larger for the in-line probe than
for the chamber setup. This could be attributed in part
to the duration of the application of the retracting
frequency at the beginning of the experiment. This period
lasted about 180 s in the chamber setup, but only about
130 s for the in-line probe. During this time cells were
possibly ‘‘pre’’-agglomerating in the pressure nodal
planes outside the evanescent field.

Measurements of different yeast cell concentrations
with the in-line probe showed that high concentrations
led to very fast increases in absorption toward the

Fig. 9. Absorptions normalized to the absolute maximum found
for each concentration and averaged over the applications of
pushing frequency (averaged over all spectra acquired at
Dt 5 16 s after application of pushing frequency, at Dt 5 32 s,
etc.) recorded with the in-line probe. Note the change in the rate
of increase in relative absorption with changing concentration
and the differences in standard deviation with cell concentration
stemming from push-to-push variations which are greater for

smaller concentrations.
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maximum value observed; for low cell concentrations,
this increase was found to be slower and more variable
throughout consecutive applications of pushing freq-
uency f2. This is most likely dependent on the number
of cells available to contribute to mid-IR absorption,
which is of course concentration dependent.

CONCLUSIONS

In this first step toward an inline ATR FT-IR spect-
roscopy probe for fermentation monitoring, we could
successfully record spectra of yeast cells in stirred sus-
pensions by applying ultrasonic radiation forces for
particle manipulation. Yeast cells could in this way act-
ively be forced into and out of the evanescent field region
of an ATR probe. Hence, this ultrasound-enhanced fiber-
optic probe enabled measurement of cells and superna-
tant separately. Furthermore, it was observed that the
rate of increase in yeast-specific absorption bands during
application of an USW at the pushing frequency de-
pended on the cell concentration in the suspension. At
all concentrations investigated, 90% of the maximum
absorption measured was reached within 32 s. This
would allow measurement intervals that are sufficiently
short for quasi-real-time in-line fermentation monitoring.
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Abstract A fast and simple method to control variations in
carbohydrate composition of Saccharomyces cerevisiae,
baker's yeast, during fermentation was developed using mid-
infrared (mid-IR) spectroscopy. Themethod allows for precise
and accurate determinations with minimal or no sample prep-
aration and reagent consumption based on mid-IR spectra and
partial least squares (PLS) regression. The PLS models were
developed employing the results from reference analysis of
the yeast cells. The reference analyses quantify the amount of
trehalose, glucose, glycogen, andmannan in S. cerevisiae. The
selection and optimization of pretreatment steps of samples
such as the disruption of the yeast cells and the hydrolysis of
mannan and glycogen to obtain monosaccharides were carried
out. Trehalose, glucose, and mannose were determined using
high-performance liquid chromatography coupled with a re-
fractive index detector and total carbohydrates were measured
using the phenol–sulfuric method. Linear concentration range,
accuracy, precision, LOD and LOQ were examined to check
the reliability of the chromatographic method for each analyte.

Keywords FT-IR spectroscopy . Partial least squares
regression . Saccharomyces cerevisiae . Carbohydrates .

HPLC-RI . Reference analysis

Introduction

The commercial exploitation of different microorganisms to
convert chemical substrates to products of higher values is
very important for several industries such as agricultural,
pharmaceutical, and food industry. Yeast is the most widely
used microorganism in industry and is especially important to
brewing, wine production, distilling, and baking [1, 2]. The
analysis of cells is of great scientific interest in the field of
quality control of industrial processes. The variations in car-
bohydrate content of yeast suggest that these compounds play
important roles during the yeast cycle [3, 4] and the control
and quantification of these compounds is important because
their concentrations are related to the metabolism of the yeast
cells. The most common methods for studying the carbohy-
drate composition (mannan, trehalose, glucose, glycogen,
etc.) are based on enzymatic and chromatography techniques
(e.g., gas chromatography or high-performance liquid chro-
matography (HPLC)) [5–8]. In these techniques, tedious pre-
treatment steps of the cells are necessary to carry out carbo-
hydrate determinations.

Fourier transform infrared (FT-IR) spectroscopy in the
mid-IR range (400–4,000 cm−1) can be applied as a useful
tool for the analysis of entire yeast cells providing a fast,
effective, reagent-free, and simple method [9, 10]. Since
Beer's law is obeyed, the observed absorptions are proportion-
al to analyte concentrations. In complex samples, linear re-
gression between absorption band areas and analyte concen-
trations determined by a reference method are not enough to
provide robust calibration; here, multivariate methods, like
partial least squares (PLS) regression, have to be employed.
Wold et al. [11] give a comprehensive introduction to PLS
regression models, also discussing the validity and the predic-
tive power of the PLS models. In the case of biological cells, a
multitude of components contribute to the recorded mid-IR
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spectra, which leads to strong overlapping of the absorption
bands. PLS regression, however, can extract information on
contributing components from the recorded spectra. In the last
decades, several applications using FT-IR spectroscopy and
multivariate chemometric tools have been published to mon-
itor yeast metabolism taking advantage of the high sensitivity
to small changes in the composition of cells [12–15]. FT-IR
spectroscopy is a powerful tool for the time resolved and
noninvasive measurement of multi-substrate/product interac-
tions in complex metabolic networks such as the oscillating
glycolysis in yeast extract identifying glycolytic intermediates
[12]; the autolysis of Saccharomyces cerevisiae cells in a base
wine studying partial hydrolysis of proteins; increase of pep-
tides, free nucleotides, lipids, mannans, and beta-1,3 glucans
[13, 14]; and the metabolic alterations of yeast cells induced
by four chemical compounds: ethanol, sodium hypochlorite,
sodium chloride, and sulfur dioxide taking into account five
different spectral regions (fatty acids from 3,000 to
2,800 cm−1, amides from 1,800 to 1,500 cm−1, mixed region
from 1,500 to 1,200 cm−1, carbohydrates from 1,200 to
900 cm−1, and typing region from 900 to 700 cm−1) [15].
Kuligowski et al. [10] developed a rapid method for the
discrimination of entire Pichia pastoris cells grown under
different conditions based on the direct acquisition of mid-
IR spectra in the fingerprint region (900–1,800 cm−1) and
partial least squares discriminate analysis.

The main objective of this study was to investigate the
applicability of FT-IR spectroscopy as a rapid, precise, and
accurate method not requiring sample preparation, for the
determination and quantification of carbohydrate composition
of S. cerevisiae. As a prerequisite, robust reference analysis
methods for carbohydrates are needed. Only when reliable
reference methods are available, a robust calibration for the
different carbohydrates with respect to the recorded FT-IR
spectra of the cells can be established. S. cerevisiae was
selected because it is the most studied yeast due to the easy
cultivation and short generation time and serves as a model of
a eukaryotic cell. The main carbohydrates of yeast such as
mannan, a cell wall polysaccharide composed of mannose
units, and the intracellular carbohydrates, trehalose, a disac-
charide of glucose, and glycogen, a polysaccharide of glucose,
were studied. For reference analysis, the optimization of the
cell disruption and hydrolysis processes and the validation of
quantification methods are essential to avoid alterations in the
final compositional results. The phenol–sulfuric method, a
well-known method to determine the total carbohydrates,
was used and a separation technique, liquid chromatography
with refractive index detector, was used to determine individ-
ual carbohydrates, trehalose, glucose, glycogen, and mannan.
The developed method uses a single sample with low sample
volume requirement, generating reliable and precise results
without interferences. These robust reference data are the
basis for building PLS regression models for the individual

carbohydrates. Robust models, indicated by low cross-
validation errors (root mean square errors of cross validation
(RMSECV), to be more precise), show the suitability of FT-IR
spectroscopy for simple and reagent-free determination of
carbohydrates in yeast cells.

Materials and methods

Chemicals and reagents

All reagents were of analytical grade. For stock standard
solutions, D-(+)-glucose monohydrate supplied by Fluka
(Steinheim, Germany), trehalose and D-(+)-mannose obtained
from Merck (Darmstadt, Germany), and glycogen desiccate
type II from Oyster and mannan from S. cerevisiae purchased
from Sigma (Saint Louis, USA) were used.

For the total carbohydrate method, phenol and sulfuric acid
95–98 % were supplied by Sigma-Aldrich (Saint Louis,
USA). For glycogen hydrolysis, amyloglucosidase from As-
pergillus niger were obtained from Fluka (Steinheim, Germa-
ny), and for mannan hydrolysis, hydrochloric acid 37 % and
sodium hydroxide ≥98 % were purchased from Sigma-
Aldrich (Saint Louis, USA).

All of the solutions were prepared in high purity deion-
ized Milli-Q water (Millipore, Molshem, France).

Apparatus and materials

For acquisition of FT-IR spectra of dried yeast samples, a
Bruker Optics Hyperion 3000 FT-IR microscope connected
to a Bruker Optics Tensor 37 spectrometer (both Ettlingen,
Germany) was used. It was equipped with a liquid nitrogen-
cooled single point mercury–cadmium–telluride detector and
a 15-fold Cassegrain objective. The dedicated software OPUS
7 (Bruker Optics) was used for recording spectra and instru-
ment control. A Genesys 20 Visible spectrophotometer (Ther-
mo Scientific, Waltham, USA) was used for all the photomet-
ric measurements, a heating oven (Binder, Tuttlingen, Germa-
ny) for biomass dry weight determination, and a heating plate
(Ika Labortechnik, Staufen, Germany) and a Vortex (Yellow
Line TTS2, Wilmington, USA) for shaking the samples. An
Eppendorf Mini Spin centrifuge for microcentrifuge tubes and
an Eppendorf 5810R centrifuge (Hamburg, Germany) for
centrifuge tubes were used. The pH measurements were car-
ried out using the portable WTW pH meter 3400i (Weilheim,
Germany). Fermentations were carried out in a 15-L
autoclavable, fully automated and controlled-stirred bioreac-
tor (Infors, Switzerland) coupled to the integrated process
control and management system Lucullus (SecureCell AG,
Schlieren, Switzerland).

M.R. Plata et al.



Microorganism and culture conditions

In order to optimize the experimental conditions for carbohy-
drate measurements, commercial pressed baker's yeast (S.
cerevisiae, “Mautner Markhof”—Austria Hefe AG, Austria)
were used. The yeast was stored at 8 °C and was taken out just
before running the experiment to avoid contamination. The
yeast cells were suspended in deionized water following cen-
trifugation at 6,575×g for 10 min. The supernatant was
decanted and, subsequently, the cells were resuspended in
deionized water and vortexed to ensure good mixing. The
washing procedure was repeated four times. After that, differ-
ent amounts of cells were resuspended in 4 mL of water and
used as standards.

For yeast fermentation, yeast peptone glucose (YEPG) me-
dium was prepared as preculture medium (40 g L−1 glucose,
5 g L−1 peptone, and 5 g L−1 yeast extract). The YEPGmedium
was autoclaved at 121 °C for 20 min. One milliliter of frozen
stock of S. cerevisiae (strain, CBS 8340) was added to 200 mL
of YEPG medium under sterile conditions and subsequently
incubated for 24 h at 30 °C and 220 rpm in shake flasks.

Six liters of batch medium was prepared using 20 g L−1

glucose, 5 gL−1 ammonium sulfate, 3 g L−1 potassium hydro-
gen phosphate, and 0.5 g L−1 magnesium sulfate heptahydrate.
Additionally, 2.67 mL L−1 of sterile vitamin and trace element
solutions, respectively, as well as 0.1mL L−1 of sterile antifoam
were added after autoclavation (121 °C, 20 min). For the
subsequent fed-batch fermentation, 4 L of feed medium con-
taining 100 g L−1 glucose, 3 g L−1 potassium hydrogen phos-
phate, 0.5 g L−1 magnesium sulfate heptahydrate, and
2.67 mL L−1 of sterile vitamin and trace element solutions,
respectively, as well as 0.1 mL L−1 of sterile antifoam was
made. The conditions of the batch fermentation were 6 Lmin−1

(1 vvm) of airflow, 800 rpm speed of agitation, temperature
was set to 30 °C, and the pH automatically adjusted to 4.8 by
addition of 2 M NaOH. All reagents for yeast media were
supplied by Carl Roth GmbH (Karlsruhe, Germany). The batch
process was started by inoculation with 600 mL of preculture
(10% of batch volume). During the fed-batch phase, conditions
were the same as for the batch phase except that the airflowwas
adjusted to remain at 1 vvm, i.e., increased with culture
volume.

Sampling and pretreatment

During the fermentations, several samples from the bioreac-
tor were taken. Each sample was split up for duplicate
biomass dry weight determination (5 mL in pre-weighted
test tubes) and a pellet sample for carbohydrate determina-
tions by FT-IR spectroscopy of whole cells and by HPLC
after a disruption process (20 mL). A schematic of sampling
and pretreatment steps can be seen in Fig. 1a. All the samples
were centrifuged for 10 min at 5,000×g and 4 °C and,

afterwards, the medium (supernatant) was discarded. The
yeast cells were resuspended in distilled water and centri-
fuged again for 10 min to rinse the cells. The washing
procedure was repeated two times in order to eliminate
potential interferences of the medium. The supernatants were
removed carefully. During the whole process, the samples
were stored on ice to avoid and stop further reactions. The
pellet samples for carbohydrate determination were stored in
the freezer (−20 °C).

For determination of biomass dry weight, the yeast cells
in the pre-weighted test tubes were dried in a heating oven
for 72 h at 105 °C. The cell dry weight was determined
gravimetrically.

For carbohydrate measurements, each sample (pellet) was
resuspended in 5 mL Milli-Q water and split off to carry out
FT-IR measurements (1 mL) and reference analyses (4 mL).

FT-IR spectroscopy of dried yeast samples

One milliliter of the washed and resuspended fermentation
sample (pellet) was used for FT-IR spectroscopy. The mea-
surement procedure was guided by Kuligowski et al. [10].
Absorbance spectra were recorded in the spectral range
between 4,000 and 600 cm−1 with a spectral resolution of
4 cm-1 as the co-addition of 32 scans in transmission mode.
Dilution rates were adjusted between 1:10 and 1:20
depending on the initial biomass concentration of the respec-
tive sample. Three spots of 3 μL each were pipetted onto a
zinc selenide (ZnSe) slide and the H2O was allowed to
evaporate in the dry air-purged sample compartment of the
microscope. Built-in shutters were used to limit the area of
acquisition to 100×100 μm. A background spectrum was
acquired on a clean part of the ZnSe slide and 40 to 50
spectra of each yeast sample spot were recorded at different
positions. Measurement time for each sample spot was
around 3 min. A mean spectrum of each sample spot was
calculated for further analysis, thus three spectra per sample
were available.

Reference analyses

To obtain reference results for FT-IR spectroscopy, the car-
bohydrates of yeast cells were measured using several pre-
treatment steps and different methods as can be seen in
Fig. 1b. For reference analyses, it was necessary to rupture
the cells using 6 g acid-washed glass beads (diameter: 0.45-
0.55 mm) from Sigma (St. Louis, USA) as abrasive and 4 mL
cell suspension (dry weight from 20 mL fermentation sam-
ple) in a glass tube. The cell disruptions were carried out
using a bench-top vortex homogenizer at 2,500 rpm 12 times
for 1 min each, with 1 min of pauses on ice bath between
vortexing.

Carbohydrate determination in S.cerevisiae by FT-IR spectroscopy



After the disruption, the sample was split to measure total
carbohydrates (0.5 mL), mannan (1 mL), glucose, trehalose,
and glycogen (1 mL). The aliquots were kept on ice at a
temperature below 4 °C to avoid the hydrolysis of trehalose
to glucose by enzymes released by cell disruption.

For total carbohydrate measurements, the phenol–sulfuric
acid method [16] using glucose as standard was used. One
milliliter of suspension containing between 20 and 200 μg of
carbohydrates was mixed with 1 mL of 5 % (w/v) phenol
solution. Subsequently, 5 mL of sulfuric acid was added and
carefully mixed using a vortex. The absorbance at 488 nm
after incubation for 10 min at room temperature and 20 min at
30 °C is proportional to the initial carbohydrate concentration
of the sample. A calibration curve using a series of standards
of glucose between 0 and 200 mg L−1 was constructed.
Several dilutions were carried out in function of the concen-
tration of yeast to obtain suitable absorbance values. For yeast
cell concentrations from 0 to 5 g L−1, dilution factor (DF) was
10, from 5 to 25 g L−1 DF was 50, for 25–50 g L−1 DF was
125, for 50–100 g L−1 DF was 250, and for 100–150 g L-1 DF
was 375.

The measurement of the individual carbohydrates was
achieved using an ion exchange chromatographic method.
An Ultimate 3000 Dionex HPLC equipment (Thermo Scien-
tific, USA) coupled with a refractive index detector (Shodex®
RI-101, Shoko Scientific, Japan) was used. The Chromeleon

Chromatography Management Software from Dionex was
used for chromatogram acquisition and data analysis. The
column used to achieve the complete separation of carbohy-
drates was the Recex RCM-Monosaccharide Ca2+ column
with a size of 300×7.8 mm (Phenomenex, Germany). In order
to protect the analytical column, a Security Guard Cartridge
(Carbo Ca2+, 4×3 mm, Phenomenex) was used. The station-
ary phase of both, the guard and the analytical column, was an
anion exchange resin with Ca2+ counter ions, with a particle
size of 8 μm and 8 % cross-linkage. The experimental condi-
tions summarized in Table 1 have been published by
Mazaverica et al. [17] and Kuligowski et al. [18]. This sepa-
ration method is, however, only applicable to disaccharides

FERMENTOR

20 mL of sample
(x2)

5 mL

5 mL of sample 
(x2)

Washing process / 
Centrifugation: 
10 min 5000 g 4°C 72 h/95 °C

FT-IR SPECTROSCOPY

BIOMASS DRY WEIGTH

1 mL

(x2)

(x2)

4 mL

Dilution

REFERENCE ANALYSES

Washing process / 
Centrifugation: 

10 min 5000 g 4°C 

a

MANNAN

TREHALOSE,GLUCOSE  
GLYCOGEN

TOTAL CARBOHYDRATES

BEAD MILL
DISRUPTION PROCESS

0.5 mL

PHENOL METHOD
Dilution

1 mL

1 mL

HPLC-RI1. Evaporation of solvent

2. HCl Hydrolysis

Mannose

HPLC-RI
2. Supernatant: trehalose 

and glucose

1. Centrifugation

3. Precipitate:  
glycogen

4. Enzimatic Hydrolysis

GlucoseGlycogen

4 mL of sample

PRETREATMENT STEPS REFERENCE ANALYSES
b

Fig. 1 Diagram of the sampling
and pretreatment steps of real
samples (a); experimental
process to carry out the reference
analyses (b)

Table 1 HPLC conditions to separate carbohydrates with HPLC and
RI detection

Experimental conditions

Mobile phase Milli-Q Water

Chromatographic mode Isocratic

Flow rate 0.6 mL

Temperature 80 °C

Injection 20 μL

Detector temperature 35 °C
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and monosaccharides. Therefore, it was necessary to carry out
pretreatments of the sample to obtain mannose and glucose
from the mannan and glycogen, respectively. In the case of
mannan, a hydrolysis process was utilized. One milliliter of
suspension sample after the disruption process was dried at
95 °C during 24 h and then resuspended in 3 mL of 2 M HCl
and heated in sealed glass tubes at 100 °C for 7 h [6]. The
tubes were cooled on ice and the hydrosylate was neutralized
with 2 M NaOH. Several standards using mannan from S.
cerevisiae (333–2,570 mg L−1) were prepared to relate the
mannan concentration with the real samples. No interferences
were found because the only polysaccharide containing man-
nose was mannan. Finally, the last aliquot, 1 mL of disrupted
cell suspension, was used to determine trehalose, glucose, and
glycogen. Glycogen is insoluble in water; therefore, the sus-
pension was centrifuged at 6,575×g for 10 min at 4 °C to
separate the supernatant, containing trehalose and glucose,
and precipitate, containing glycogen (Fig. 1b). The supernatant
was directly determined using the chromatographic separation.
The precipitate, however, needed a pretreatment step to hydro-
lyze the glycogen to glucose for chromatographic measure-
ments. Since trehalose and glucose were removed first, the
enzyme could only digest glycogen, therefore avoiding inter-
ferences and the overestimation of the glycogen content. The
glycogen was hydrolyzed using the amyloglucosidase enzyme.
One milliliter of solution containing 1 mg mL−1 of
amyloglucosidase was added to the disrupted cells and incu-
bated for 2 h at 60 °C. Several standards using glycogen from
Oyster (240-3,000 mg L−1) were prepared to relate the glyco-
gen concentration with real samples.

Partial least squares regression

The PLS toolbox 6.2.1 (Eigenvector Research, Wenatchee,
WA, USA) and Matlab 7.10.0 (Mathworks, Natick, MA,
USA) were used for data treatment and building PLS regres-
sion models, correlating the FT-IR spectra with mannan, tre-
halose, and glycogen concentrations found with the reference
methods described above. To compensate for differences in
sample thickness, spectra were normalized (min–max) to the
amide I band (1,740–1,575 cm−1) since the protein content of

the cells remained nearly constant over the course of the
fermentation (determined using the bicinchoninic acid assay,
data not shown). Appropriate spectral regions for calibration
were chosen with consideration of pure analyte spectra. For all
three analytes, the wavenumbers chosen were in the carbohy-
drate region of C–O and C–O–C stretching (900–1,200 cm−1)
[19]. To test the PLS regression models for their ability to
predict new, unseen data, i.e., their ability to predict analyte
concentrations from spectra not included in the calibration set,
cross-validation was performed using random subsets. For
this purpose, the calibration set was divided into a set number
of subsets and a PLS regression model excluding one of the
subsets was built. The excluded subset was used to validate
the PLS model, i.e., the concentrations predicted by the PLS
model (yi) for these data were compared to the values deter-
mined by reference analysis byið Þ . One iteration of the process
corresponded to repeating the process until all subsets had
been used for validation of models built excluding these. The
RMSECV, i.e., the normalized sum square of the residuals,
which is calculated as

RMSECV ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i
n ¼ byi−yi

� �2

n

vuut

was calculated using these data; it is a measure of the error one
can expect when predicting analyte concentrations from un-
known spectra using the PLS model, a low RMSECV is
therefore desirable. Here, eight data splits and three iterations
were used for the calculation of the RMSECV. Different data
preprocessing methods were tested and the methods leading to
the lowest RMSECV were chosen. For all three analytes,
calculation of second derivative (Savitzky–Golay, polynomial
order 2, window size 15) and mean centering of data led to the
best results.

Table 2 Figures of merit for trehalose and glucose standards and for glucose and mannose after hydrolysis process using a HPLC with RI detection

Analyte Linear regression equationa Linear range (mg L−1) R2 LOD (mg L−1) LOQ (mg L−1)

Mannoseb y=(0.0016±0.0000)x+(0.5204±0.0409) 333–2,570 0.991 26 87

Trehalose y=(0.0036±0.0000)x−(0.0013±0.0040) 50–5,000 0.999 12 39

Glucose y=(0.0036±0.0000)x−(0.0337±0.0689) 50–5,000 0.999 12 39

Glycogenb y=(0.0017±0.0000)x+(0.2278±0.0447) 240–3,000 0.992 25 82

a Calibration curve obtained with standards. Concentration versus peak area
b After hydrolysis process

Carbohydrate determination in S.cerevisiae by FT-IR spectroscopy



Results and discussion

Reference analyses

Several processes of reference analyses such as the disruption
method, mannan hydrolysis, and glycogen hydrolysis were
selected and optimized in order to get precise and reliable
results. Moreover, the validity of the reference analyses was
tested by carrying out repeatability, reproducibility, and linear-
ity studies; results are shown in the section below.

Selection of disruption method

For the purpose of determining the intracellular carbohydrate
content of yeast, the cells must be disintegrated by mechanical
means or non-mechanical methods (physical, chemical, or
enzymatic) [20, 21]. The method of choice needs to be com-
patible with the measurements of the chemical content of the
yeast without interferences. Furthermore, a high percentage of
cell disruption, adequate for small-scale applications with a
high throughput and of course short times is desirable. The
mechanical methods are most efficient for cell disruption at
small and large scale [22]. Several methods/protocols based on
mechanical methods were tested and optimized: ultrasound,
homogenization, boiling, freeze–thawing, and bead milling
disruption (details see Electronic Supplementary Material).
The best results were achieved when the bead milling method
was applied. This procedure is particularly efficient in the
disruption of yeasts which have rigid cell walls constituted by
polysaccharides (80–90 %) [21]. Factors governing the perfor-
mance of the bead mill process including impeller speed, cell
density, amount, and size of the glass beads were optimized
[21]. Percentages of cell breakage higher than 80 % were
achieved using this modified Ricci-Silva et al. method [21].
Disruptions were carried out in glass tubes with a ratio of 1 mL
of suspension/1.5 g of glass beads (diameter, 0.45–0.5 mm) for
12 cycles, each using a bench-top vortex at 2,500 rpm with
1 min intervals on ice (see “Materials and methods”).

Selection and optimization of mannan hydrolysis

Mannan, composed mainly of D-mannose, is a major constitu-
ent of the yeast cell wall, accounting for approximately 13 %
(w/w) [23]. This polysaccharide possesses a backbone of α-(1–
6)-linked D-mannose units which are substituted by side chains
containing (1–2) and (1–3)-linked D-mannose units [24]. Two
methods to hydrolyze mannan to mannose were tested. First of
all, α-mannosidase from Canavalia ensiformis (Jack bean)
(Sigma-Aldrich) was used; 0.5 mL of 0.45 mg L−1 α-
mannosidase solution was added to 1.5 mg of mannan in
presence of 1.5 mL of 20 mM sodium acetate (pH = 8). The
final concentration of mannan was 750 mg L−1. The solution
was kept overnight at room temperature. No peak was obtained

a

b

c

Fig. 2 Chromatograms of mannose using a mannan standard solution
(a); trehalose and glucose (b) and glucose from glycogen (c) using a
yeast standard sample

M.R. Plata et al.



when the sample was analyzed by HPLC-refractive index (RI)
method. Therefore, HCl hydrolysis was selected to hydrolyze
mannan samples based on the method published by Dallies
et al. [6]. The dried mannan samples were mixed with 3 mL of
2MHCl and heated in sealed tubes at 100 °C for 1–10 h. Then,
the tubes were cooled on ice and the hydrolysate was neutral-
ized with 2 M NaOH. The effect of the heating time (1 to 10 h)
of the glass tubes was studied and 7 h was selected for achiev-
ing the best yield of disruption of mannan.

Selection and optimization of glycogen hydrolysis

Glycogen is a branched polymer of α-(1–4) and α-(1–6)-gly-
coside bonds. The hydrolysis of both types of bonds is
achieved using the enzyme amyloglucosidase from A. niger
which is thus well suited for complete degradation of glycogen
[7]. Several publications found that the enzyme degraded 97 %
of glycogen [7, 25]. The optimized hydrolysis is based on the
Bernfeld method [26]. Parameters such as the concentration of
the enzyme, temperature, and exposure time of the hydrolysis
process were optimized to obtain the maximum percentage of
glucose for the same amount of glycogen (see Electronic
Supplementary Material Figure S1). The diluted glycogen
standard samples (DF 50) were injected into the chromato-
graphic system after the hydrolysis process. The area of the
glucose peak was calculated and used to monitor the hydrolysis
reaction and hence the yield of this reaction could easily be
evaluated. The optimal conditions are described in section
“Materials and methods.”

Analytical features of HPLC-RI

The characteristic parameters of the analytical method
obtained under the optimum conditions were evaluated.
Mannan and glycogen samples after the hydrolysis process
and standard of trehalose and glucose were used. The re-
spective LODs and LOQs were determined and the precision
of the method was checked in terms of repeatability and
intermediate precision (reproducibility) (details see Electron-
ic Supplementary Material and Table S1). Table 2 shows the

LOD and LOQ values for each analyte. The calibration curve
was checked by analyzing standard solutions of each analyte
at eight different levels. A linear regression equation with a
regression coefficient near to the unit was obtained (Table 2).
To check the accuracy of the proposed method, several
synthetic mixtures containing the analytes in variable
amounts were prepared and analyzed in triplicate using the
HPLC-RI method. Quantification was achieved in terms of
peak areas and the results were expressed as mean value and
recoveries were calculated. In all cases, recoveries were very
close to 100 % and relative deviations were between 0.1 and
6.3 %.

Analysis of baker's yeast standards

In order to demonstrate the applicability of the proposed
method, six samples with different concentrations of baker's
yeast were prepared as standard samples. First of all, the dry
weight was determined to calculate the initial concentration
of yeast, and then the concentration of each carbohydrate
was determined using the respective methods. A chromato-
gram of 850 mg−1 mannan standard after the hydrolysis
process is shown in Fig. 2a. The experimental signal for
0.6 g L−1 standard of yeast after applying the trehalose and
glucose method is shown in Fig. 2b. A peak of trehalose can
be observed but the area of the glucose peak is not enough to
be quantified. Figure 2c corresponds to a 34.5 g L−1 standard
of yeast after applying the glycogen method. The area of the
glucose peak can be related to the glycogen concentration of
yeast. Finally, the percentages of each carbohydrate were
calculated by dividing the concentration of carbohydrate by
the concentration of yeast and multiplying by 100. The cell
concentration in the samples ranged from 10 to 35 g L−1.
Table 3 lists the results for carbohydrate content relative to
biomass dry weight (%DW) of the respective samples. They
are in nice agreement with each other, indicating that dilution
factors were correct and the method is valid for the range of
cell concentrations. The %RSD values for all methods were
between 2.7 and 7.1 %.

Table 3 Percentages of carbohydrates from baker's yeast samples after disruption process by the developed methods, phenol method for total
carbohydrates, and trehalose, glucose, glycogen, and mannose using the HPLC-RI (n=3)

Analyte Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Average±SD

Total carbohydrates 48.1±0.2 45.6±0.7 43.2±0.3 42.3±0.5 42.6±0.1 39.9±0.1 43.6±2.9

Mannosea 8.9±0.1 9.4±0.1 8.4±0.1 8.6±0.1 9.5±0.3 9.8±0.0 9.1±0.6

Trehalose 8.7±0.1 9.3±0.2 9.4±0.1 9.2±0.1 9.3±0.1 9.1±0.0 9.2±0.2

Glucose 2.0±0.2 2.4±0.2 2.2±0.1 2.1±0.1 2.2±0.1 2.2±0.1 2.2±0.1

Glycogena 1.9±0.1 2.0±0.1 2.1±0.0 2.0±0.0 2.3±0.1 2.2±0.0 2.1±0.1

Sum 21.5±0.5 23.1±0.6 22.1±0.3 21.9±0.3 23.3±0.5 23.3±0.1 22.5±0.8

a After hydrolysis process
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Analysis of yeast samples from fed-batch fermentations

The outlined method has been used to study the carbohydrate
content of S. cerevisiae in nitrogen-limited fed-batch fermenta-
tion. After 24 h of batch cultivation, the conditions changed to a
nitrogen-limited fed-batch fermentation. Amedium deficient in
nitrogen lead to the accumulation of storage carbohydrates such
as trehalose and glycogen and structural modifications. The
change of the carbohydrate composition could be studied using
the proposed method and reference analyses using several
samples taken from the fermentor during the fed-batch process.
The FT-IR spectrum of each sample was measured in triplicate
for both fermentations. In Fig. 3, the average mid-IR absor-
bance spectra acquired from samples at different time points
between 1,900 and 900 cm−1 are shown for fed-batch fermen-
tation 1. In the depicted region, the main spectral contributions
are derived from proteins (amide I (1,660 cm−1) and amide II
(1,540 cm−1) bands), the region from 1,500 to 1,250 cm−1 with
less intense and strongly overlapping bands which correspond
to proteins, lipids, and storage carbohydrates and the region
between 1,250 and 900 cm−1 for carbohydrates with a minor
contribution of phosphate bands from DNA, RNA, and phos-
pholipids. The data were normalized to the amide I band and
significant changes over fermentation time can be observed. To
get an estimate of the total carbohydrate content of the cells, the

area under the carbohydrate bands (1,186–936 cm−1) was
calculated and normalized by biomass. The carbohydrate con-
tent relative to protein content increased with time and spectral
features in the carbohydrate region changed, indicating a
change in the carbohydrate constitution of the cells. These
results were compared to data obtained by the phenol method
and the sum of values obtained by HPLC-RI for each carbo-
hydrate (mannan, trehalose, and glycogen). Figure 4 shows the
normalized total carbohydrate content in function of time for
each method. In accordance with the data obtained from FT-IR
spectra, both the phenol method and the sum of carbohydrates
determined by HPLC-RI increase over the course of the fer-
mentation. The carbohydrate content found by calculation of
the sum of HPLC-RI measurements of the respective analytes
and by FT-IR spectroscopy are in good agreement with each
other over the course of the fermentation. The total carbohy-
drate content was practically constant until 4.4 h, and a linear
increase was observed for times greater than 4.8 h. The results
obtained from the phenol method, however, show a different
development: an almost sinusoidal development was observed.
When only comparing the values found at the beginning and at
the end of the fermentation, the same trend as for the other data
was found: an increase of the total carbohydrate content. It
should be noted that the standard deviations of experimental
data for FT-IR method are lower than those of the two other

Table 4 Parameters and root mean square error of cross-validation of PLS models for trehalose, glycogen, and mannan

Analyte Calibration range (% dry weight) Spectral range (cm−1) Latent variables RMSECV (% dry weight)

Mannan 14.40–22.90 1,184–895 7 1.17

Trehalose 0.55–3.31 1,184–956 5 0.33

Glycogen 0.91–6.10 1,188–925 4 0.56

Fig. 4 Variations of normalized total carbohydrate content for real
samples from nitrogen limited fed-batch fermentation 1 of S. cerevisiae
applying reference and FT-IR methods

Fig. 3 FT-IR spectra of whole S. cerevisiae. Samples were drawn from
nitrogen limit fed-batch fermentation 1 at different times over the course
of the fermentation
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methods. The low reproducibility of values obtained by the
HPLC-RI and the phenol method, respectively, are most likely
due to differences in cell disruption efficiency and the neces-
sary but error-prone sample handling. Similar results were
obtained for fed-batch fermentation 2 (data not shown).

Prediction of concentration values from FT-IR spectra
by PLS regression

Parameters and results of the PLS regression models for treha-
lose, glycogen, and mannan are summarized in Table 4. The
number of latent variables used to build the PLS regression
models was seven for trehalose and mannan and five for glyco-
gen, and the RMSECV were found to be 0.33 % DW for
trehalose, 0.55 % DW for glycogen, and 1.17 % DW for
mannan. Considering the concentration ranges used for calibra-
tion, these values show that FT-IR spectroscopy is a promising
technique for fast, reagent-free measurement of intracellular
carbohydrates. The analyte concentrations determined by
cross-validated PLS regression and the reference concentrations
found for the different samples drawn from the two fermenta-
tions are shown in Fig. 5. The black squares indicate the values
found by reference analysis and the red circles correspond to the

values predicted from cross-validated PLS regression, i.e., the
average concentration predicted from the spectra of each of the
three sample spots. The values are in good agreement with each
other and the expected changes in carbohydrate content of the
yeast cells. Generally, the data found by FT-IR spectroscopy
show a smoother trend/development over time than the respec-
tive reference data, where in some cases steep slopes, i.e., big
differences between consecutive samples, were found. These
large increases and decreases in reference values are also the
points where FT-IR data and reference data deviate strongly.
Each single value obtained by reference analysis is prone to
errors due to the necessary sample pretreatments and handling.
When calculating a PLS regression model from these data, the
erroneous values (which are both positive and negative devia-
tions from the true value) are averaged over the whole calibra-
tion set and resulting PLS predictions show a smoother time
course.

Conclusions

Most of the published articles to determine the carbohydrate
composition of yeast cells describe time-consuming wet

Fig. 5 Relative trehalose, mannan, and glycogen content of the samples drawn from fermentations 1 and 2 at different times determined by reference
analysis (black squares) and from FT-IR spectra by cross-validated PLS regression (red circles)
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chemical assays requiring handling-intensive pretreatment
steps. The proposed FT-IR spectroscopy method of whole S.
cerevisiae cells presents clear advantages with respect to the
other methods such as operational simplicity, lower sample
consumption, and no reagent consumption, avoiding the risk
of errors as a result of the labor-intense cell disruption and
sample handling. The method determines the content of sev-
eral polysaccharides such as mannan and glycogen and the
disaccharide trehalose by cross-validated PLS regression. Re-
sults can be obtained within 30 min from sampling, including
the most time-consuming step, i.e., drying of the sample.
Using the instrumentation and settings in this study, acquisi-
tion of spectra took approximately 3 min per sample spot,
showing that significant improvement of measurement time is
possible by using other drying methods, e.g., a dessicator. The
obtained results show that concentration values are in good
agreement with reference values.
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ABSTRACT: This article presents a novel method for selective
acquisition of Fourier transform infrared (FT-IR) spectra of
microorganisms in-line during fermentation, using Saccharomy-
ces cerevisiae as an example. The position of the cells relative to
the sensitive region of the attenuated total reflection (ATR) FT-
IR probe was controlled by combing a commercially available
ATR in-line probe with contact-free, gentle particle manipu-
lation by ultrasonic standing waves. A prototype probe was
successfully constructed, assembled, and tested in-line during
fed-batch fermentations of S. cerevisiae. Control over the
position of the cells was achieved by tuning the ultrasound
frequency: 2.41 MHz was used for acquisition of spectra of the
cells (pushing frequency f p) and 1.87 MHz, for retracting the cells from the ATR element, therefore allowing spectra of the
medium to be acquired. Accumulation of storage carbohydrates (trehalose and glycogen) inside the cells was induced by a lack of
a nitrogen source in the feed medium. These changes in biochemical composition were visible in the spectra of the cells recorded
in-line during the application of f p and could be verified by reference spectra of dried cell samples recorded off-line with a FT-IR
microscope. Comparison of the cell spectra with spectra of trehalose, glycogen, glucose, and mannan, i.e., the major
carbohydrates present in S. cerevisiae, and principal components analysis revealed that the changes observed in the cell spectra
correlated well with the bands specific for trehalose and glycogen. This proves the applicability and capability of ultrasound-
enhanced in-line ATR mid-IR spectroscopy as a real-time PAT method for the in situ monitoring of cellular biochemistry during
fermentation.

Fourier transform infrared (FT-IR) spectroscopy is an
established method for at-line, online, and in-line

bioprocess analysis and monitoring, especially in the mid-IR
region (400−4000 cm−1). Because water, a strong infrared
absorber, is the most abundant solvent and maximum
interaction lengths are a few tens of micrometers, attenuated
total reflection (ATR) configurations are the most commonly
used. The light is totally reflected within an ATR element,
resulting in an evanescent field that interacts with the sample,
with typical penetration depths of approximately 1 to 2 μm.1

Multiple reflections lead to enhanced interaction with the
sample without having to face the challenges encountered when
measuring transmission (clogging, path length changes due to
pressure drops, etc.). Multivariate data analysis can be used to
extract chemical information from data (i.e., chemometrics);
this makes quantification of spectroscopic measurements
possible. Lourenco̧ et al.2 gave a good general overview of

optical spectroscopy methods in combination with chemo-
metrics used for bioreactor monitoring, including mid-IR
spectroscopy, whereas a mini-review by Landgrebe et al.3

summarizes recent applications of near- and mid-IR spectros-
copy for bioprocess monitoring. A frequently used chemo-
metric method is principal component analysis (PCA). ATR
mid-IR spectroscopy in combination with PCA has been, e.g.,
successfully used for the classification and identification of
chemical differences of edible fats and oils,4 Robusta and
Arabica coffees,5 and injured and intact Listeria monocytogenes.6

For various bioprocesses, spectra of media components and
excreted secondary metabolites have been recorded at-line,7−10

online, and in-line. Online bypass systems were successfully
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used to monitor media composition and products11−13 and for
pH control14 in different types of bioprocesses. In-line ATR
probes are realized using fiber optics (typically, silver halide) or
light conduits and are commercially available. Doak and Phillips
reported the first use of a conduit probe to monitor Escherichia
coli fermentation in 1999;15 since then, numerous reports of in-
line, i.e., in situ (the more commonly used term in bioprocess
engineering), monitoring of fermentation have been pub-
lished.16−20

Spectra of microorganisms are acquired at-line or off-line and
allow for differentiation between physiological states, reflected
by biochemical composition and the quantification of
secondary metabolites accumulated inside cells. In most studies,
transmission spectra of washed, dried cells were measured,
either by FT-IR microspectroscopy21,22 or with the dedicated
microplate reader accessory HTS-XT for high-throughput
analysis (Bruker Optics).23−27 Transmission and ATR FT-IR
microspectroscopy were successfully used for the analysis and
differentiation of physiological states in the yeast Saccharomyces
cerevisiae.28−31 Jarute et al. presented the first online setup for
the quantification of poly beta-hydroxybutyic acid (PHB) in E.
coli using a horizontal ATR in combination with a stopped-flow
system.32 When the flow was on, spectra of the medium were
acquired; subsequently, the flow was switched off, and the cells
sedimented onto the ATR surface and thus spectra of the cells
could be acquired. Biofouling was avoided by chemical cleaning
of the ATR as necessary.
Ultrasound Particle Manipulation. Ultrasonic standing

wave fields, built up between an ultrasound transducer and a
reflector, are a contact-free, gentle method for manipulation of
small particles in suspension. Particle sizes between one and a
few tens of micrometers require ultrasound frequencies
between 1 and 10 MHz. The axial acoustic radiation force,
i.e., in the direction of sound propagation, acting on the

particles depends on particle volume, the ultrasound frequency,
the acoustic energy density, i.e., the power that is transmitted
into the medium, and the acoustic contrast factor.33−35 The
force results in a pattern of planes that are half of a wavelength
apart, into which the particles are driven. These planes are
either the pressure nodal planes (i.e., the planes of minimum
acoustic pressure) or the pressure antinodal planes of the
standing wave field, depending on the acoustic contrast factor
between the particles and the carrier medium. This, in turn,
depends on the ratio of the sound speeds and mass densities
between the particles and the medium; dense particles, like
cells, are driven into the pressure nodes of the standing wave
field. Ultrasound particle manipulation is not harmful to
cells36,37 and is a state-of-the-art method for perfusion filtering
of mammalian cell cultures, where it is used to hold cells against
a continuous flow of medium.38−40

Ultrasound particle manipulation was used to increase the
robustness of online cell spectra acquisition (S. cerevisiae) in a
setup similar to that of Jarute et al.,32 by using the radiation
force to lift the cells off of the horizontal ATR surface, which
acted as ultrasound reflector.41 Furthermore, the settling speed,
and thus the measurement intervals, could be increased by the
formation of cell aggregates in the pressure nodal planes, which
sedimented faster than single cells once the ultrasound and the
flow were switched off. A major drawback of bypass setups are
sterility issues. This can be overcome by taking the system in-
line.42 Radel et al. showed in 2010 that the combination of
ultrasound particle manipulation and a fiber optic ATR probe
made acquisition of mid-IR spectra of PTFE particles in stirred
suspensions possible.43 Here, the ATR element was oriented
vertically, and the particles were pushed against it by tuning the
ultrasound frequency such that a net acoustic radiation force
acted in the direction of the ATR element. In 2013, we showed

Figure 1. Schematic (a) and photograph (b) of the prototype probe: commercial ATR probe and the custom-built ultrasound accessory. (c) The two
operating modes. The cells and the evanescent field are magnified by a factor of 10 in comparison to the other dimensions for visibility.
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that spectra of S. cerevisiae could be acquired with a prototype
in-line applicable probe.44

This article presents a major step forward in this develop-
ment: an autoclavable, in-line ultrasound-enhanced fiber optic
mid-IR ATR probe constructed according to FDA guidelines
and its application during S. cerevisiae fermentation in-line in a
semi-industrial fermenter. Within fed-batch fermentation, the
cells were deliberately nitrogen-limited by the design of the
media and therefore started to accumulate storage carbohy-
drates, i.e., trehalose and glycogen, which was investigated. We
recently showed the possibility of off-line quantification of these
carbohydrates in whole S. cerevisiae by FT-IR microspectro-
scopy.31 Here, we investigated the possibility of monitoring
these biochemical changes in-line by comparing them to off-line
reference spectra and principal component analysis.

■ EXPERIMENTAL SECTION

Ultrasound-Enhanced Fiber Optic ATR FT-IR Probe.
Spectrometer and In-Line Probe. FT-IR spectra were
acquired in-line with the process spectrometer ReactIR 15
equipped with an attenuated total reflection DS DiComp
(diamond) 9.5 mm probe connected via a 1.5 m AgX (silver
halide) fiber (all Mettler Toledo, Greifensee, Switzerland). The
spectrometer was equipped with a liquid nitrogen cooled
mercury−cadmium−telluride (MCT) detector. Spectra were
acquired with resolutions of 4 and 8 cm−1, respectively, in the
spectral region from 700 to 2800 cm−1 as the co-addition of
256 scans. iC IR 4.2 software (Mettler Toledo, Greifensee,
Switzerland) was used for acquisition and basic data
manipulation such as single-point baseline offset correction
(1840 cm−1 set to zero). The DS DiComp probe was chosen
due to its flat top, which makes it especially suitable as a
reflector for the ultrasonic wave.
Ultrasound Technology: Material and Design Consid-

erations. The fiber optic probe was equipped with an in-
house-designed ultrasound accessory that allowed for manip-
ulation of particles in suspension (Figure 1a,b). The materials
were chosen with consideration of FDA regulations, i.e.,
standard materials used in biotechnology were applied (body,
stainless steel material no. 1.4571/DIN X6CrNiMoTi17-12-2;
screws, stainless steel A4 (1.4404) (Bossard, Zug, Switzerland);
seals and O-rings, ZruElast and ZruElast FPM 75 shore (both
Zrunek, Vienna, Austria)). The ultrasound composite trans-
ducer consisted of a 10 mm PZT (lead zirconium titante, type
PIC 181, PI Ceramics, Lederhose, Germany) disc with wrap-
around silver electrodes glued to a Macor cylinder with a one-
component epoxy resin (Araldite AV 171, Huntsman Advanced
Materials, The Woodlands, TX, USA). The assembled
ultrasound-enhanced mid-IR ATR probe complies with the
3D rule to avoid turbulent flow stagnation, i.e., indentations
were limited to three times their respective widths, and it is
autoclavable in situ (121 °C, 20 min). A modified (limited to
2.5 W max power output) frequency power synthesizer (FPS
2540, SinePhase Instruments, Hinterbrühl, Austria) connected
to the PZT was used for ultrasound signal generation and
amplification; frequency and power were controlled using a
custom LabView script and GUI (National Instruments, Austin,
TX, USA). The distance between the ultrasound transducer
and ATR probe was adjusted to approximately 1.35 mm.
The working principle is shown in the inset in Figure 1c: At

retracting frequency f r, cells are held in the pressure nodal
planes away from the evanescent field of the ATR probe,

whereas they are pushed against the ATR surface and thus into
the evanescent field when the pushing frequency f p is applied.

Laboratory FT-IR Spectrometers: Reference Spectra.
Reference spectra of glucose, trehalose, and mannan solutions
and glycogen mixed with H2O were acquired with a Tensor 37
FT-IR spectrometer equipped with a DTGS (deuterated
triglycine sulfate) detector using a Platinum diamond ATR
(all Bruker Optics, Ettlingen, Germany). Instrument control
and spectrum acquisition were performed with OPUS 7
software (Bruker Optics). Spectral resolution was set to
2 cm−1, and spectra were recorded as the co-addition of 32
scans.
Sampling, pretreatment of the off-line samples, and

acquisition of reference spectra of dried yeast samples drawn
during fermentation have been described elsewhere.31

S. cerevisiae Cultivations. Fermentation of S. cerevisiae
(strain CBS8340) was carried out in two different, fully
automated and controlled stirred bioreactors: a 10 L glass/steel
bioreactor (Chemap, Switzerland) and a 15 L steel bioreactor
(Infors, Bottmingen, Switzerland). Both were equipped with
25 mm Ingold ports for coupling with the ultrasound-enhanced
mid-IR ATR probe. Media preparation and cultivation
conditions are described in detail in the Supporting
Information (Experimental, page S2, and Table S1, page S2);
the stirring speed was varied (800−1200 rpm), and the pO2
level was always kept above 80% by adjusting the inflow of air.
CO2 content of the off-gas was measured using an off-gas
analyzer (Bluesens, Snirgelskamp, Germany). Biomass was
determined off-line by measuring the optical density at 600 nm
with a Genesys 20 visible spectrophotometer (Thermo
Scientific, Waltham, MA, USA).
After the batch phase on glucose was completed, the

bioprocess was carried on as a C-limited fed-batch with an
exponential feed strategy. The feed medium was deficient in a
nitrogen source. Under C-limited feeding conditions, no excess
carbon source was present in the medium. The nitrogen
limitation led to the synthesis and accumulation of storage
carbohydrates, i.e., trehalose and glycogen, inside the cells.

Experimental Procedure for Ultrasound-Enhanced
Mid-IR Spectroscopy. During fermentations, f p was
2.410 MHz at 1.8−1.9 W true electrical power input (t.e.p.i.),
and f r was 1.870 MHz at 1.6 W t.e.p.i.

Data Analysis. Matlab (Mathworks, Natick, MA, USA) and
the PLS toolbox (Eigenvector Research, Wenatchee, WA, USA)
were used for data manipulation and PCA. For PCA, the
spectra were area normalized in the carbohydrate region (938−
1186 cm−1) prior to calculation of the second derivate
(Savitzky-Golay, second order, window width 9 or 11
depending on spectral resolution). Single-analyte spectra were
normalized and differentiated using the same settings for
comparison.

■ RESULTS AND DISCUSSION
In-Line Procedure. Spectra were acquired in-line during

fermentation, alternating between pushing and retracting
frequency every 10 min. Three FT-IR spectra were acquired
at each ultrasound frequency; they were subsequently averaged
for further data analysis, resulting in a single, average, spectrum
for each frequency application. The background was acquired in
batch medium with the probe in its final position in the
bioreactor after autoclaving. This was used as the background
for the absorbance spectra of the medium, i.e., spectra recorded
during the application of the retracting frequency. Absorbance
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spectra of the cells were calculated as difference spectra
between a spectrum acquired during the application of the
pushing frequency and the respective previous media spectrum
(Figure 2). This was necessary to compensate for changes in

the medium composition, as there is always medium in the
probed volume and analyte concentrations are higher (and vary
stronger over the course of the fermentation) in the medium
than in the cells themselves. Samples were drawn from the
bioreactor at different times for biomass determination and the
acquisition of cell reference spectra.
Optimization of Experimental Conditions. In total, four

fermentations were conducted; the influence of the ultrasound
frequency for pushing and retracting, stirring speed, and
spectral and temporal resolution were investigated, and the
optima were subsequently used. The highest yeast-related
absorption values in difference spectra were found using a
pushing frequency of 2.410 MHz and a power of 1.8−1.9 W
t.e.p.i. ( f p). For retracting the particles from the evanescent
field of the ATR element, the ultrasound transducer was driven
around f r 1.870 MHz (at 1.6 W t.e.p.i.). Stirring speeds between
600 and 1200 rpm were tested: an increase in stirring speed led
to a decrease of absorption values of the recorded spectra due
to Stokes drag (data not shown). As a compromise between
sufficient stirring and satisfactory signal of the mid-IR spectra of
cells, a stirring speed of 800 rpm was identified. Comparison of
spectral resolutions of 4 and 8 cm−1 showed that the broad
absorption bands of S. cerevisiae were sufficiently resolved by
the latter (data not shown). Temporal resolution was governed
by spectrum acquisition time (i.e., 1 min at 8 cm−1 resolution
and co-addition of 256 scans), sufficient data redundancy (in
case of erroneous spectra and to increase the signal-to-noise
ratio), and maximum handleable file size. Spectra were acquired
every 2 min; thus, as mentioned before, three spectra were
available for averaging during alternating application of the
ultrasound frequencies for 10 min each. These parameters were
determined during the first fermentation and were subsequently
used. The spectra recorded during the four fermentations
showed similar trends, and an exemplary one will be presented
here.

Influence of Growth Conditions on Yeast Cells. In
order to study changes on the (bio)chemical composition of
the cells, the fermentation was carried out in two parts: a batch
phase, with an excess of glucose (C-source) and ammonium
(N-source), and subsequently a C-limited fed-batch phase
during which no additional N-source was fed and trehalose and
glycogen were accumulated inside the cells.

Batch Phase. At the beginning of the batch phase, glucose
was present in excess in the medium, leading to the production
of ethanol as a main metabolite in addition to biomass
(Crabtree effect, overflow metabolism). The cells exhibited
characteristic diauxic growth: first, glucose was metabolized to
ethanol in parallel with biomass formation (0−12 h) and then,
after a short lag phase, the extracellular ethanol was metabolized
as a carbon source (12−20 h). This was reflected by the CO2
off-gas profile and the FT-IR spectra of the medium (Figure 3).

Characteristic spectral features of glucose were predominant at
first (Figure 3b, dark red spectra, bands at 1150, 1110, 1080,
and 1037 cm−1) followed by a superposition of glucose and
ethanol (light red spectra). Once the glucose was depleted,
ethanol dominated the FT-IR spectra, with its characteristic
bands at 1045 and 1080 cm−1 (blue spectra), which gradually
decreased until the end of the batch phase (light blue
spectrum).
During batch phase, yeast cell composition did not change;

only biomass growth occurred, which was reflected by an
increase in absorbance over time, whereas spectral features
remained similar (see Supporting Information Figure S1).

Fed-Batch Phase. The spectra of dried S. cerevisiae fed-
batch samples acquired off-line (Figure 4a) show spectral
features typical for the constituents of biological cells (from refs
45 and 46): The CO stretching of ester groups in lipids leads
to an absorption around 1730 cm−1. Proteins lead to
absorptions around 1655 cm−1 (amide I band, mainly from
CO stretching and, to a lesser extent, N−H bend and C−N
stretch), around 1550 cm−1 (amide II band, N−H bend, and

Figure 2. In-line spectra acquired during S. cerevisiae fermentation
when applying retracting frequency (top) or pushing frequency
(middle) and their difference spectrum showing typical spectral
features of yeast cells.

Figure 3. (a) CO2 off-gas and biomass over the course of the batch
phase. (b) ATR FT-IR spectra of the medium (i.e., retracting
frequency applied) over the course of the batch phase.
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C−N stretch), and around 1300 cm−1 (amide III band,
complex combination of different vibrations). In the region
between 1450 and 1200 cm−1, numerous C−H and O−H
deformation vibrations contribute to the spectrum (lipids,
carbohydrates). Antisymmetric PO2

− stretching vibrations of
DNA, RNA, and phospholipids lead to absorptions around
1240 cm−1. The region between 950 and 1200 cm−1 (hereafter,
carbohydrate region) is dominated by C−O stretching
originating from carbohydrates, with contributions around
1100 cm−1 from symmetric PO2

− stretching (again, DNA,
RNA, and phosopholipids).
The changes in carbohydrate content induced by N-limited

growth are reflected by changes in the shape of the spectra
acquired off-line (Figure 4a, normalized to the amide I band).
The relative carbohydrate content increases with fermentation
time, and the shape of the carbohydrate region changes as
trehalose and glycogen are formed in the cells. The
carbohydrate bands of the difference spectra of the cells
acquired in-line at the time points of sampling (Figure 4b, offset
baseline corrected) are in good agreement with the off-line
spectra (Figure 4a). Differences can be attributed to matrix
influence, band shifts due to acquisition in ATR mode, and the
lower signal-to-noise ratio for in-line spectra.
A major difference between the off- and in-line measure-

ments was observed in the amide I and amide II regions: here,
H2O absorbs strongly (H−O−H bending at approximately
1640 cm−1) and therefore the intensity reaching the detector is
low, leading to a high noise level. The protein bands (amide I
and II) are only weakly visible in the in-line spectra, most likely
because the H2O present when the f r spectrum is acquired is
simply replaced by the protein present in S. cerevisiae when f p is
applied, leading to approximately the same absorption.

Furthermore, when f p is applied, H2O is, for the most part
but never completely, replaced by yeast cells (even assuming
close packing of equal spheres, approximately 26% of the space
would still be occupied by H2O).
Since changes associated with switching to nitrogen-limited

growth are mainly visible in the carbohydrate region of the FT-
IR spectra, further analysis was focused on this region. The
main carbohydrates of yeast were studied: mannan, a cell wall
polysaccharide composed of mannose units, and intracellular
carbohydrates trehalose, a disaccharide of glucose, glycogen, a
polysaccharide of glucose, and glucose. ATR FT-IR reference
spectra of the major carbohydrates (area normalized as
described in the Experimental Section) present in yeast cells
are shown in Figure 5a. At 994 cm−1, trehalose, one of the

storage carbohydrates accumulated during N-limited growth,
has an intense and specific absorption. In the spectral region
between 1025 and 1175 cm−1, trehalose and glucose show
bands at similar positions; their relative intensities are, however,
different. Glucose absorbs strongest at 1035 cm−1, whereas the
relative absorption maximum of trehalose in this region is
shifted toward slightly higher wavenumbers and is lower in
intensity. At around 1155 cm−1, trehalose and glycogen have a
common absorption band. Glycogen absorbs broadly between
970 and 1170 cm−1, with a distinct maximum at 1022 cm−1 and
smaller maxima at 1080 and 1152 cm−1. Mannan has a broad
absorption band between 1000 and 1150 cm−1, with a distinct
maximum at 1060 cm−1. The exact positions of absorption
maxima are even clearer when looking at second derivatives of
the spectra: maxima in the spectra are minima here (Figure 5b,
top).

Figure 4. (a) Spectra of dried S. cerevisiae acquired off-line using a
laboratory FT-IR microscope (normalized to amide I band). (b)
Spectra of S. cerevisiae acquired in-line using the ultrasound-enhanced
mid-IR ATR probe at the times when samples for off-line analysis were
drawn.

Figure 5. (a) Spectra of major carbohydrates present in yeast cells
(off-line ATR, in solution) and spectra of yeast cells acquired in-line
over the course of the fermentation. (b) Second-derivative spectra of
major carbohydrates present in yeast cells and of yeast cells acquired
over the course of the fermentation, respectively. In both graphs,
carbohydrate spectra are offset for better visibility.

Analytical Chemistry Article

DOI: 10.1021/ac504126v
Anal. Chem. 2015, 87, 2314−2320

2318



In the yeast, changes in the carbohydrate composition can be
observed by spectra acquired in-line as difference spectra over
the course of the N-limited fed-batch fermentation (Figure 5a,
bottom). The shape of the carbohydrate band changed with
fermentation time, most notably between 1050 and 950 cm−1.
The blue spectra, which were acquired toward the end of the
fermentation, show higher absorption around 990 cm−1,
correlating well with the absorption spectra of trehalose. This
becomes even clearer when investigating second-derivate
spectra: The decrease around 994 cm−1 and the increase
around 970 cm−1 in the spectra acquired toward the end of the
fermentation (blue) correlate well with the trehalose second-
derivative spectrum (gray). Between 1030 and 1000 cm−1, the
slope of the second-derivative yeast spectra steepens with
fermentation time. The minimum at ∼1150 cm−1, which
further decreases with fermentation time, correlates with an
increase in both glycogen and trehalose. Since this minimum is
less pronounced for trehalose compared to the one at
994 cm−1, it can be concluded that glycogen mainly contributes
to this change.
PCA. We have recently shown that quantitative determi-

nation of carbohydrates is possible from off-line yeast spectra;31

from the in-line difference spectra, only qualitative information
on the changes in carbohydrate composition could be observed.
Normalization of the spectra proved to be difficult because
changes in biomass and in the carbohydrate content occurred
simultaneously, and this correlation could not be broken. To
evaluate if the trends observed in the in-line difference spectra
are statistically detectable and related to carbohydrate features,
PCA was performed on the second-derivative spectra.
Individual PCA of the four fermentations resulted in very

similar principal component 1 (PC1), which explained between
53 and 73% of the variation in the respective fermentation
spectra. A PCA of the combined spectra from all four
fermentations again resulted in a PC1 with very similar
features; however, only 40% of the variance was explained. This
can be attributed to interfermentation variations leading a
smaller contribution from changes induced by N-limited
growth. To concentrate on the biochemical changes inside
the cells, the following discussion is based on the PCA of a
single fermentation.
The loading vector of PC1 and the second-derivative spectra

of trehalose, glycogen, glucose, and mannan show similar
features (Figure 6). Spectral region A (1020−970 cm−1) of
PC1 correlates with trehalose: the minimum is around

995 cm−1 for both, followed by a maximum at 980 cm−1 and
a shoulder around 960 cm−1. This region also varies the most
between spectra, reflected by the highest values of the first
loading vector. The plateau at 1035 cm−1 followed by a
minimum around 1025 cm−1 in PC1 correlates with glycogen,
superimposed with trehalose and glucose (thus, the shift of the
minimum toward higher wavenumbers). In spectral region B
(1050 to 1103 cm−1), trehalose, glycogen, glucose, and PC1
show very similar features, and a clear attribution cannot be
made. Around 1155 cm−1 (spectral region C), the minimum in
PC1 corresponds to a superposition of the minima of both
trehalose and glycogen.

■ CONCLUSIONS AND OUTLOOK

The presented method allows for the selective acquisition of
mid-IR spectra of either dissolved analytes (media compo-
nents) or suspended particles (cells). This is, to the best of our
knowledge, the first report on the acquisition of mid-IR spectra
of microorganisms (S. cerevisiae) inside a semi-industrial
bioreactor during fermentation without the necessity of
drawing a sample. The cell spectra acquired in-line are in
good agreement with spectra of dried cell samples that were
recorded off-line. Trends in the changes of the biochemical
composition of the cells during N-limited fed-batch fermenta-
tion were visible, showing the potential of ultrasound-enhanced
ATR mid-IR spectroscopy to be used as a PAT (process
analytical technology) probe to detect the cells’ physiological
response to nutritional limitations. Quantitative analysis proved
to be difficult, as the number of cells present in the evanescent
field is hard to estimate and the amide I band, which could be
used for normalization off-line, was not accessible in-line.
Furthermore, the signal-to-noise ratio of the difference spectra
still needs to be improved to make quantitative analysis by, e.g.,
partial least-squares regression possible. More insight into the
spatial distribution of the cells in the evanescent field could
potentially be gained using the gel method proposed by
Gherardini et al.;47 with a better understanding of the number
of cells held in the evanescent field at a given time under
different conditions, the before-mentioned challenges will be
addressed in a follow-up project.
The described novel method is generic and suitable for

(ideally spherical) cells within a size range of 1 to
approximately 40 μm, as is often employed in white and red
biotechnology and biorefinery. It delivers real-time information
on the chemical composition of cells in situ, thus aiding the
optimization of process conditions and media composition.
Moreover, physiological responses of cells can be investigated,
helping to obtain a basic understanding of cell physiology/
metabolism. In industrial fermentation, the method could serve
as a quality control tool: here, complex media are often
employed, for which exact determination of nutrient concen-
trations would usually require extensive and laborious chemical
analyses or is not possible at all. By measuring the cell’s
biochemical composition, potential limitations could be
detected, and appropriate measures to ensure the desired
quality could be taken early in the process.
Apart from bioprocesses, the presented method can, for

example, be applied to gain insight into crystallization
processes.

Figure 6. Second-derivative spectra of trehalose, glycogen, glucose,
and mannan and PC1 of spectra acquired during N-limited growth.
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a b  s  t  r  a c t

This  paper  presents  the  quantification  of  Penicillin  V and phenoxyacetic  acid, a precursor,  inline during

Pencillium chrysogenum  fermentations  by  FTIR  spectroscopy  and  partial least  squares  (PLS) regression

and multivariate  curve resolution  –  alternating  least  squares  (MCR-ALS).  First,  the applicability  of  an

attenuated total reflection  FTIR fiber  optic  probe  was  assessed  offline  by  measuring  standards  of  the

analytes of  interest and  investigating  matrix  effects of  the  fermentation  broth.  Then measurements  were

performed inline  during  four fed-batch  fermentations  with online HPLC  for  the  determination  of  Penicillin

V and  phenoxyacetic  acid  as reference  analysis. PLS  and  MCR-ALS  models were  built  using  these  data  and

validated by  comparison  of  single  analyte  spectra with the  selectivity  ratio  of  the  PLS  models and  the

extracted spectral traces  of  the  MCR-ALS  models, respectively.  The  achieved  root mean  square  errors  of

cross-validation for the  PLS  regressions  were  0.22  g  L−1 for  Penicillin  V and  0.32  g L−1 for phenoxyacetic

acid and  the  root  mean square  errors of  prediction  for  MCR-ALS  were  0.23  g  L−1 for Penicillin V and

0.15 g  L−1 for phenoxyacetic  acid.  A  general  work-flow  for building  and  assessing  chemometric  regression

models for the  quantification  of  multiple  analytes  in  bioprocesses  by FTIR  spectroscopy  is  given.
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1.  Introduction

The advantage of spectroscopic methods over classical analyti-

cal methods employed for bioprocess analysis is the simultaneous

determination of multiple target analytes through multivariate

data  analysis. Data are acquired in situ, without the need for sam-

ple  preparation and can be provided in real-time making it well

0003-2670/$ – see front matter ©  2013 The Authors. Published by Elsevier B.V. All rights reserved.
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suited for process monitoring. Especially attenuated total reflection

(ATR) Fourier-transform-infrared (FT-IR) spectroscopy has become

increasingly interesting as a  process analytical tool (PAT) for inline

and online monitoring of (pharmaceutical) bioprocesses [1–14].

Dissolved substrate components, as well as desired and undesired

metabolites can be quantitatively determined using multivariate

data analysis methods, i.e. chemometrics, like principal component

analysis (PCA), partial least squares (PLS) regression and multi-

variate curve resolution (MCR) [15],  to name a  few. Landgrebe

et  al. [16] give a good overview of bioprocesses and specific ana-

lytes monitored by online mid- and near-infrared spectroscopy.

Lourenç o et al. [17] give a more general review of optical spec-

troscopy methods employed for bioprocess monitoring, including

a brief introduction to chemometric methods. ATR-probes designed

for  process control/monitoring are commercially available and are

fit  for measurements in harsh and variable process environments,

i.e. are autoclavable and made from biocompatible materials.

In  this work we concentrated on Penicillin V (PenV), a  commonly

used beta-lactam antibiotic [18,19].  It is produced in industrial-

scale bioprocesses by Penicillium chrysogenum. Bioprocess design

and control for filamentous fungi still rely greatly on empiri-

cal  methods. Here, a  science-based approach, as facilitated by

online and inline sensors combined with simplified mechanis-

tic models, would be beneficial since it helps increase process

economics and decrease development time [20]. Accurate deter-

mination of optimal harvest time of the bioprocess is  crucial to

product quality and productivity. Routine measurements of PenV

and phenoxyacetic acid (POX) concentrations are typically per-

formed offline by high performance liquid chromatography (HPLC)

analysis.

Guzman et al. [21] showed that prediction of termination times

of  a biotransformation batch process by monitoring the hydroly-

sis  of Penicillin V to phenoxyacetic acid and 6-aminopenicillanic

acid using online ATR FT-IR spectroscopy in a  bypass system and

PLS regression was superior to standard procedures, like offline

HPLC analysis. We aim at quantitative determination of the pre-

cursor phenoxyacetic acid and product, Penicillin V  in fed-batch

fermentations of P. chrysogenum.  Here we present a method that

allows for determination of precursor and product inline as well

as  real-time determination of the optimal harvest time, making

sampling unnecessary and thus minimizing possible errors. We

compared two different chemometric methods, PLS and MCR-

ALS, for prediction of POX and PenV concentrations from FT-IR

spectra.

PLS regression is a  calibration method that is suitable for numer-

ous,  strongly correlated x-variables [22] as presented by FT-IR

spectra. It projects the X  data onto a set of “latent variables” that

are  good predictors of Y  using a least-squares approach. These

latent variables are often hard to interpret or  relate to spectra of

pure components. While for PLS regression a  reliable reference

method is necessary, MCR-ALS is based on  the assumption that the

multivariate data matrix (X or  D), e.g. FT-IR spectra taken at  differ-

ent times of a chemical reaction, can be approximated as a  linear

combination of unfolded (pure) component spectra (S)  weighed

by  their respective concentration profiles (C) plus the residuals

that cannot be explained by the model (E). The unfolded spec-

tra  S can be given a  chemical meaning when comparing them

to  measured pure component spectra, thus allowing for evalu-

ation of model quality. Reference data is  not necessary for this

type of modeling, however, a good estimation of starting concen-

trations helps. Furthermore, application of different constraints,

such as non-negativity for concentrations, or combination with

hard models, e.g. a  hard equilibrium model describing the acid-

base equilibria of simple molecules for quantitative analysis of

pH-modulated mixture samples [23],  can improve the MCR-ALS

model.

2. Material and methods/experimental

2.1. Fermentation of  P. chrysogenum

Four fed-batch fermentations of P. chrysogenum (strain: BCB1)

were carried out similar to a recently described protocol except

for POX addition [24]. Since accurate determination of the optimal

harvest time was  the goal, POX was  not added continually, but in a

pulsed way, so depletion could be observed more than once during

a fermentation run. In order to allow applicability of the FT-IR probe

with 25 mm Ingold® design however, fed-batch cultivations were

performed in a 15 L autoclavable, fully automated and controlled

stirred bioreactor (Infors, Switzerland) instead of the previously

described 7.5 L  glass reactor system [24].  For all fed-batch cultiva-

tions, process duration was  in the range of 140–160 h.

2.2. FT-IR spectroscopy

FT-IR spectra were recorded with a  1.5 m DiComp AgX (silver

halide) fiber optic probe connected to the portable process spec-

trometer ReactIR 15 (both Mettler Toledo, Switzerland) equipped

with a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT)

detector. The probe was equipped with a diamond ATR element

and a  special adapter was  designed and built in-house to couple

the probe to a  25 mm Ingold® port available in the bioreactor. The

ReactIR 15 is  a sealed instrument, thus no purging with dry air was

required. Spectra were acquired using the dedicated software IcIR

4.2 (Mettler Toledo, Switzerland), with the resolution set to 8  cm−1

in the spectral range of 900–4000 cm−1,  as the co-addition of 256

scans. Basic data manipulation, like single point baseline correction,

was also performed in IcIR 4.2.

The applicability of ATR FT-IR spectroscopy for determination of

POX and PenV in complex media matrices was assessed offline. Sin-

gle analyte and binary solutions of POX and PenV were prepared in

20  mM phosphate buffer adjusted to pH = 6.5 which is the pH level

maintained throughout PenV production in the fermentation (for

concentration levels see Supplementary data Table A). Phenoxy-

acetic acid (99%, Sigma Aldrich, USA) and phenoxymetylpenicillin

potassium salt (Penicillin V  potassium, kindly provided by San-

doz  GmbH, Austria) were weighed in and  diluted and mixed to

the desired final concentrations. The standard solutions and super-

natant samples from previous fermentations were measured offline

against a  water background by depositing a  drop of the solution

onto the horizontally aligned ATR surface. Inline, spectra were

acquired every 2–5 min  against a medium background, resulting

in approximately 2000 spectra for each fermentation run.

2.3. Reference analysis

Analysis of  penicillin V and phenoxyacetic acid was performed

by isocratic HPLC using a  ZORBAX C-18 column (Agilent Technolo-

gies, USA) and 28% ACN, 6 mM H3PO4,  5  mM KH2PO4 as elution

buffer (all reagents: Sigma Aldrich, USA). The bioreactor was cou-

pled to the HPLC via a  0.2 �m pore size ceramic probe (iba e.V.

Heiligenstadt, Germany). Samples of the medium were drawn from

the bioreactor at  constant flow and were sampled from a  flow-

through cell as often as possible during pulsed addition of POX

(approx. every 15–20 min) and every 3  h  during the decrease of

POX. The sampling delay was  1 h 15 min  in runs 1  to 3  and 15 min

for run 4, respectively (a  sampling line with thinner diameter was

available in this run). The HPLC method was optimized to ensure

good separation of peaks, and an automatic dilution step was

introduced to keep analyte concentrations within the calibration

range.

Additionally, samples were drawn from the bioreactor every

12 h  and HPLC measurements were performed offline. These were
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in good agreement with the online measurements (data not

shown). The relative standard deviation of the HPLC determination

alone is small: 0.9% relative standard deviation (RSD) for 3.4 g L−1

POX and 1.3% RSD for 0.8 g L−1 PenV. When coupling the HPLC

online with the bioreactor, the error is  expected to increase for

several reasons: Due to inferences from media components, the

integration method had to be adjusted. Since a relatively small sam-

ple  volume is drawn for every point in time (i.e. continuously), time

resolution is slightly blurred by sampling from the flow-through

cell.  Furthermore, because of the long sampling line, degradation

of the analytes could occur and matching the HPLC measurement

times with the acquisition times of FT-IR spectra becomes difficult.

We  therefore estimated the total error of the method to be roughly

5%.

2.4. Multivariate calibration

To build multivariate calibration models, the three spectra

acquired closest to the times of HPLC measurements (see Section

2.3) were averaged and imported into Matlab®. A total of 196 spec-

tra  with reference data were available for regression. To break

co-linearity between POX and PenV and to correct for potential

errors in HPLC reference measurements, single analyte and binary

standards were included in the model to increase robustness as

previously reported [9]. Furthermore, POX addition was performed

continuously for run 1,  as would be done in the industrial process,

and in a spiked manner for runs 2 to 4, i.e. POX was added quickly

to a predetermined concentration after its depletion.

2.4.1. PLS regression

PLS regression models were built using the PLS toolbox 6.2

(Eigenvector Research, Inc., USA) using the SIMPLS algorithm [25].

Suitable spectral regions for calibration were identified from the

pure PenV and POX spectra, taking into account interferences of the

fermentation broth (for spectral regions used see Table 1).  Prepro-

cessing consisted of calculation of first derivative (Savitzky-Golay

(Sav-Gol), order 2, window size 11) of  spectral data and mean cen-

tering of both, spectral and concentration data. Cross-validation of

PLS models was performed using random subsets (10 data splits, 3

iterations).

2.4.2. MCR-ALS calibration

The multivariate calibration algorithm MCR-ALS has been

extensively described in the literature [15,26] so, only a  brief

description of it is  given here.

The bilinear decomposition of the augmented matrix D  is  per-

formed according to the expression:

D  = CST + E (1)

in  which the rows of D contain the spectra measured for different

samples (pure and mixture standards and fermentation samples),

the columns of C contain the relative concentrations of the inter-

vening species, the columns of S their related unfolded spectra, and

E  is a matrix of residuals not fitted by the model.

Decomposition of  D is achieved by iterative least-squares mini-

mization of the Frobenius norm of E, under suitable constraining

conditions during the ALS procedure. MCR-ALS requires initializa-

tion with system parameters as close as possible to the final results.

In  the present work we  employed the SIMPLISMA (simple to use

interactive self-modeling mixture analysis) methodology [27] in

all  cases.

During the iterative recalculations of  C  and ST,  a  series of con-

straints are applied to give physical meaning to the obtained

solutions, and to limit their possible number for the same data

fitting. In this paper, the correspondence among species in the

experiments was used as restriction together with a  correlation

constraint, in which the concentrations of the analytes in calibra-

tion samples at  each ALS iteration are forced to be correlated to

previously known reference concentration values of the analyte

in these samples. More details about the implementation of this

constraint in previous works can be found elsewhere [28,29]. This

latter constraint has been successfully applied in the determination

of several compounds in the presence of unexpected interferences

using first-order instrumental data [30].

Correlation constrained MCR-ALS was implemented using a

MATLAB code which is available on request from R. Tauler (e-mail:

Roma.Tauler@idaea.csis.es).

3.  Results and discussion

3.1. Workflow

The following, generally applicable workflow for optimal model

building and calibration of inline spectroscopic measurements for

multi-analyte quantification was  followed:

Feasibility study:

1. Pure analyte spectra were recorded in order to assess general

IR absorbance characteristics and identify possible cross-

correlations. Generally, the chemical and physical environment

of  the pure analytes should be comparable to that expected in

the  process, i.e. similar pH, temperature, etc.

2.  Then, matrix effects of the (bio)process medium were investi-

gated by spiking real process samples with the analyte of  interest

(POX).

Multivariate model building:

3.  Given accurate and sensitive reference analytics in place, inline

measurements were performed at  the process and PLS model

building based on synthetic standards and inline measurements

was performed.

4.  Finally, to verify reasonable model building, model validity for

each analyte was  ensured by selectivity analysis. At  this stage,

unless acceptance criteria are met, further orthogonal mea-

surements should be included for calibration in order to break

undesired cross-correlations.

5. If selectivity cannot be achieved satisfactory with PLS, or not

enough calibration samples are available, MCR-ALS, which calcu-

lates spectral traces of modeled factors, should be used to ensure

that the target analyte is modeled by one of the factors. We  have

built MCR-ALS models for the analytes of interest and compare

their performance to that of PLS regression.

3.2.  Investigation of  feasibility

To ensure the applicability of ATR FT-IR spectroscopy as a  means

for quantification of POX and PenV, spectra of synthetic single and

binary solutions were acquired. Fig. 1(a) shows the pure compo-

nent spectra of solutions of PenV and POX in 20 mM phosphate

buffer (pH = 6.5). Spectral overlap between the two analytes is,

as  expected, high, but there are some distinct differences that

can help to break the co-linearity around 1775 cm−1 and in the

range  between 1100 and 1400 cm−1.  In Fig. 1(b) a spectrum of a

typical fermentation sample acquired offline is shown. The spec-

trum is  governed by a  large absorption peak around 1100 cm−1

which is  due to (SO4
2−) introduced from ammoniumsulphate addi-

tion  and sulphuric acid for pH control. Characteristic spectral

features of PenV (bands between 1800 and 1750 cm−1,  1270 and

1340 cm−1 and 1200 and 1250 cm−1) and POX (bands between

1200 and 1250 cm−1) are visible; they are however relatively weak.

Spiking of samples drawn before the addition of POX had been

started, thus without any POX or PenV content, showed that the
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Table 1
Model parameters and figures of merit for the POX and PenV PLS models.

Model Calibration

range (g L−1)

Data included Wavenumber region

(cm−1)

Preprocessing steps Latent

variables

RMSECV (g L−1) r2 CV

POX-PLS 0–3.47 Offline: fermentation,

standards; fermentations

1–4

1188–1352 &  1747–1817 Mean centering, first

derivative (Sav-Gol, order

2, window 11)

6  0.31 0.90

PenV-PLS 0–5.55 Offline: fermentation,

standards, fermentations 1

& 3–4

1184–1501 & 1672–1855 Mean centering, first

derivative (Sav-Gol, order

2, window 11)

7  0.22 0.97
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Fig. 1. (a) Reference attenuated total reflection (ATR) spectra of Penicillin V  (10 g L−1) and phenoxyacetic acid (3 g L−1) in 20 mM phosphate buffer adjusted to pH = 6.5. Pure

phosphate buffer was  used as a background. Spectral similarities of the two  analytes are obvious, however some differences, especially around 1350 cm−1 and 1750 cm−1,

are present. (b) Offline ATR spectrum of a typical fermentation broth sample. Between 1200 and 1350 cm−1 typical features of POX and PenV can  be seen (black box), their

absorbances are however very low compared to  other components, e.g. (SO4
2−) which absorbs around 1100 cm−1.

appropriate bands appeared and were proportional to POX concen-

tration (Fig. 2(a)). The difference spectrum of the sample spiked to

1  g L−1 POX final concentration (Spiked 1) and the unspiked sample

is  highly similar to that of 1 g L−1 POX in 20 mM  phosphate buffer

(Fig. 2(b)). This strong correlation shows that the spectral features

are conserved in the complex fermentation broth matrix and indi-

cate that the determination of POX from fermentation broth spectra

is  feasible.

The potential of multianalyte determination by mid-IR spec-

troscopy and chemometric modeling also poses a  challenge:

cross-correlations with interferents and modeling of general

temporal, rather than concentration changes. Therefore, a valida-

tion of the generated chemometric models is  very important, espe-

cially in complex, variable matrices that are present in bioprocesses.

3.3. PLS regression

The PLS regression models built for POX and PenV were based

on  prior knowledge of the spectral ranges relevant for the two

analytes. The spectral ranges were chosen based on the wavenum-

ber regions where specific bands of POX and PenV were identified

and  little interference from the fermentation broth was  expected.
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Fig. 2. (a) Spectra of fermentation broth without POX (Broth, dotted line), fermentation broth spiked to  a final POX concentration of 1  g L−1 (Spiked 1, dash-dot line) and

spiked to a final concentration of POX of 2  g L−1 (Spiked 2, solid line). The spectral range in which POX-specific bands can  be seen is indicted by the  black box.  (b) Difference

spectrum of Spiked 1 (1 g  L−1 POX) and the Broth spectrum (solid line) and spectrum of 1  g L−1 POX in 20 mM phosphate buffer (dashed line). The correlation between the

spectra is very good, especially in the region between 1200 and 1400 cm−1 (spectra are offset for clarity).
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Fig. 3. (a) Calibration curve for POX. (b) Calibration curve for PenV. Reference concentrations determined by HPLC or gravitmetrically are plotted vs. the  POX  concentrations

predicted by the cross-validated PLS model. The origin of the  data is indicated by different marker symbols.

Different spectral ranges were tested, i.e. PLS models built, and the

spectral regions that performed best for each analyte and for which

selectivity ratios indicated specificity (see below) were chosen.

The relative changes in the observed wavenumber regions over the

course of a single fermentation can be seen in Supplementary data

Fig. B, a PCA scoreplot of all data used for calibration can be seen

in Supplementary data Fig. C.  Apart from variations in the spectral

range employed for model construction, different preprocessing

steps (raw spectra, first and second derivative (Sav-Gol) spectra)

were tested. For both analytes, first derivative spectra gave the best

results, since baseline shifts could thus be omitted. The relatively

small signal to noise ratio for the analytes of  interest made second

derivate spectra unsuitable for modeling. The wavenumber regions

used for the respective analytes were different. Details about the

PLS-models for POX and PenV are given in Table 1.  The POX PLS-

model was based on all offline spectra and the spectra obtained in

fermentation runs 1–4. In fermentation run 2 one HPLC outlier was

omitted and two were omitted from fermentation run 3 (compar-

ison  with previous and subsequent HPLC results and approximate

calculation of POX concentration). For the PenV PLS-model data

Fig. 4. (a) Selectivity ratio multiplied by the sign of the correlation vector (bottom) for POX-PLS model compared to the  first derivative, mean centered spectra of POX and

PenV (vector normalized). (b) Selectivity ratio multiplied by the sign of the correlation vector (bottom) for PenV-PLS model compared to the first derivative, mean centered

spectra of POX and PenV (vector normalized). A  high  absolute value of the  selectivity ratio points to spectral regions that have a strong influence on the model, while the

sign indicates whether the correlation is  positive or negative.
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Table 2
Parameters and figures of merit for the POX and PenV MCR-ALS models.

Model Calibration

range (g L−1)

Calibration

data

Data predicted Wavenumber

region (cm−1)

Preprocessing

steps

Factors RMSEP (g L−1) r2 prediction

POX-MCR-ALS 0–3.0 Offline:

fermentation,

standards

Single analyte

standards;

fermentations

1–4

1281–1352 &

1747–1817

Mean

centering, first

derivative

(Sav-Gol, order

2,  window 11)

5  0.16 0.97

PenV-MCR-ALS 0–5.55 Offline:

fermentation,

standards

Offline:

fermentation,

standards;

fermentations

1  & 3–4

1307–1352 &

1747–1817

Mean

centering, first

derivative

(Sav-Gol, order

2,  window 11)

5  0.23 0.95

from fermentation run 2 were omitted, since no PenV was  pro-

duced during this run. Models including these data performed

worse in cross-validation than when the data were predicted using

models built omitting the data, i.e. the RMSECV was  higher than

the  RMSEP. We  concluded that the introduction of these additional

data lead to an introduction of noise to the model increasing the

RMS  error. The calibration curve of POX concentrations determined

by  HPLC vs. the values predicted from cross-validation for the POX

PLS model is shown in Fig. 3(a). The RMSECV for POX was deter-

mined as 0.31 g L−1; the RMSECV normalized to the calibration

range is 9% which is  slightly worse than the estimated error of

reference analysis (5%). Fig. 3(b) shows the calibration curve for

PenV; the respective RMSECV was determined as 0.22 g L−1 and

the normalized RMSECV (to calibration range) is 4%, which is  in

the range of the expected error of the reference method.

As a means to check the validity of the developed PLS mod-

els, the selectivity ratio, which is  the ratio of explained to residual

variance for each variable, i.e. wavenumber, was  calculated [31].

A high selectivity ratio indicates wavenumber regions that have

a  strong impact on the prediction, and the type of correlation is

inferred from the regression vector (i.e. positive or negative). By

comparing spectral regions that have a high selectivity ratio with

spectral features of the target analyte and potential interferents,

the correctness/validity of the model can be checked. In  Fig. 4(a) the

preprocessed, i.e. first derivative and mean centered, pure analyte

spectra of PenV, the strongest interferent, and POX and the selec-

tivity ratio of the POX-PLS model are shown. Wavenumber regions

with a high positive or  negative selectivity ratio are highlighted

in  gray. The highest selectivity ratio is  found around 1265 cm−1,

which coincides with a  maximum for both POX and PenV. Selec-

tivity for POX can be attributed to the positive correlation around

1310 cm−1, where for the POX spectrum a  maximum is located,

while the PenV spectrum shows a  local minimum, and the nega-

tive correlation around 1205 cm−1.  Here, the first derivative, mean

centered POX spectrum has a minimum as well, while the PenV

spectrum is close to zero. Fig. 4(b) shows the same plots for the

PenV-PLS model. Again, the first derivative, mean centered spectra

of  PenV and POX are compared to the selectivity ratio multiplied

by the sign of the regression vector. Good agreement between the

selectivity ratio and the PenV spectrum can be seen in the region

between 1725 and 1825 cm−1.  For the second region with large

selectivity ratios (1250–1380 cm−1),  the curve is  also very similar

to  the PenV spectrum. No matches between the POX spectrum and

the  selectivity ratio of the PenV-PLS model can be observed.

3.4. MCR-ALS models

The MCR-ALS models built for POX and PenV were based on

prior knowledge of the spectral ranges relevant for the two ana-

lytes derived from single analyte spectra. The wavenumber regions

which resulted in the best performance of the MCR-ALS models

for both POX and PenV were smaller than those used in the PLS

models (see Table 2).  As for the PLS models, mean centered first

derivative (Sav-Gol, polynomial order 2, window size 11) spectra

gave the best results. For concentration prediction from spectra

acquired during the fermentation runs, the concentration informa-

tion from offline fermentation samples, single analyte standards

and  binary standards was  used for calibration. Calibration curves

of  MCR-ALS predicted concentrations vs. concentration measured

using reference analysis obtained for POX and PenV are shown in

Fig. 5.  As for the PLS models, good correlations with a high r2 value

were found. The root-mean-square-error of prediction (RMSEP) for

)

Fig. 5. Calibration curves for the MCR-ALS models for POX (a) and PenV (b). Val-

ues predicted using the MCR-ALS models are plotted against values obtained by

reference analysis.
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Fig. 6. MCR  spectra traces for the  MCR-ALS model for POX (a) and for PenV (b). The preprocessed single analyte spectrum of the  target analyte (dashed line) for each model is

plotted over the calculated spectral traces. For the  POX MCR-ALS model, the spectral trace of component 1 (bottom of graph a)  is in good agreement with the  POX spectrum.

The spectral trace of  component 5  (top of graph b) of the  PenV MCR-ALS model is  highly correlated to  the PenV spectrum.

POX was determined as 0.16 g L−1 (normalized to calibration range:

4.6%), which is significantly lower than the RMSECV of the PLS-POX

model and in the range of  the estimated reference method error.

The  higher goodness of fit is also reflected in a  higher r2 of the cali-

bration curve, namely 0.97, for the MCR-ALS model than for the PLS

model (r2 = 0.90). For PenV the RMSEP was determined as 0.23 g L−1

(normalized to calibration range: 4.1%), making the performance

of  the MCR-ALS model similar to the PLS model and the estimated

reference method error.

Since MCR-ALS is a method that, for a given number of com-

ponents, calculates concentration profiles and spectral traces that

best describe the spectral changes of the data, these spectra can

be directly compared to (preprocessed) pure analyte spectra. Fig. 6

shows the spectral traces calculated by MCR-ALS for both the POX

(a)  and PenV (b) and the respective pure analyte spectra. For both,

PenV and POX, good agreement between the respective single ana-

lyte spectrum and the spectral trace of one of the components can

be seen. Component 1  of the POX MCR-ALS model correlates well

with the POX spectrum and component 5  of the PenV MCR-ALS

model correlates well with the PenV spectrum.

4.  Conclusions

Comparing PLS with MCR-ALS, similar model performances

were reached. While, in principle, step 3  may  be omitted for MCR-

ALS, predictive accuracy proved to be superior when using standard

spectra as a means to calibrate the model. Since PLS is the more

established method for spectral calibration and does not require

as  much expertise and not as many input parameters as for MCR-

ALS, we recommend it as a starting point. If selectivity analysis is

not satisfactory, MCR-ALS modeling should be used, as the spectral

traces of the modeled components are calculated directly and can

be compared to target analyte spectra. In cases where only a limited

number of calibration spectra is available, e.g. due to lack of reliable

reference analysis, MCR-ALS should be the method of choice, as the

algorithm basically does not require reference concentrations. Fur-

thermore, in some cases the performance of MCR-ALS is better than

that of PLS, as is the case for POX in this work.

Applying the suggested workflow, concentrations of PenV and

POX  were successfully predicted inline. This is  a  step toward accu-

rate determination of  optimal termination time of the bioprocess.

To increase the accuracy of predictions, two things have to be con-

sidered: the performance of chemometric models is  always limited

by  the accuracy of the reference analysis and by the signal-to-noise

ratio (SNR) of the spectroscopic system in use. With respect to an

improved SNR, the elimination of the silver halide fiber in favor of

a monolithic sensor design seems to be a  promising approach. This

could be realized either using External Cavity Quantum Cascade

Lasers (EC-QCLs) coupled with waveguides and small pyro-electric

detectors, or the use of pulsed mid-IR sources in combination with a

multi-reflection ATR-element and line (Bragg) filter detectors. Both

approaches use dispersive measurement principles, therefore also

eliminating the need for potentially bulky and vibration sensitive

interferometers.
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ABSTRACT 

The performance of a fiber optic and an optical conduit in-line attenuated total reflection 

(ATR) mid-infrared (mid-IR) probe, respectively, during in situ monitoring of a Penicillium 

chryosgenum fermentation were compared. The fiber optic probe was connected to a 

sealed, portable, Fourier transform (FT-IR) process spectrometer via a plug-and-play 

interface. The optical conduit, on the other hand, was connected to a FT-IR process 

spectrometer via a knuckled probe with mirrors that had to be adjusted prior to each 

fermentation, which were purged with dry air. Penicillin V (PenV) and its precursor 

phenoxyacetic acid (POX) concentrations were determined by on-line HPLC and the 

obtained concentrations were used as reference to build Partial Least Squares Regression 

(PLS-R) models. Cross-validated root-mean-square errors of prediction were found to be 

0.2 g L-1 (POX) and 0.19 g L-1 (PenV) for the fiber optic setup and 0.17 g L-1 (both POX and 

PenV) for the conduit setup. Higher noise-levels and spectrum-to-spectrum variations of 

the fiber optic setup lead to higher noise of estimated (i.e. unknown) POX and PenV 

concentrations than was found for the conduit setup. It seems that trade-off has to be made 

between ease of handling (fiber optic setup) and measurement accuracy (optical conduit 

setup) when choosing one of these systems for bioprocess monitoring. 
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Introduction 

The potential of Fourier-transform infrared (FT-IR) spectroscopy in the mid-IR range (400 

– 4000 cm-1) for bioprocess analysis and monitoring1,2 has been shown at-line3–7, on-line8–14 

and in-line. With the development of in situ attenuated total reflection (ATR) probes, it has 

become a valuable process analytical tool (PAT) for in-line monitoring and controlling of 

bioprocesses15,16. Due to the limited interaction length of a few micrometers of the 

evanescent field and the sample17, absorption due to water, which is usually the main 

constituent of fermentation media, is limited. Thus, quantification of soluble analytes is 

possible, provided reliable reference analysis for multivariate calibration, e.g. Partial Least 

Squares Regression18,19 (PLS-R), multivariate curve resolution – alternating least squares20 

(MCR-ALS), is available. 

Two ways of connecting the spectrometer and the ATR element are possible: Light guides 

and optical fibers. Light guides, or hollow conduits, are based on external reflection of light 

on metallic or dielectric surfaces and are usually realized as hollow waveguides. For 

maximum transmittance through the light guide, a high reflectivity of the material, grazing 

incidence (close to 90°), minimal number of reflections and a highly collimated beam are 

desirable21. For in-line ATR probes, the rigid, straight, light conduits are usually coupled by 

knuckles equipped with adjustable mirrors so that the probe can be connected to the 

measurement vessel. Once the physical adjustment is completed, light throughput needs to 

be maximized by adjusting the mirrors. Any change in positioning of the probe leads to 

changes in the transmission characteristics and thus will deteriorate the quality of the 

recorded IR spectra. Therefore, once the setup is aligned, vibrations, which might lead to 

mechanical resonances in the probe and thus change alignment, and/or moving the setup 

should be avoided. This can be a problem when employing light conduit probes for in-line 

(in situ) fermentation monitoring, since vibrations from the stirrer might impair the FT-IR 

measurement. Nevertheless, they have been successfully used for monitoring of different 

analytes in bioprocesses: The first application of in situ ATR FT-IR spectroscopy with a 

conduit probe was reported as early as 1999 by Doak & Phillips22, showing possibility to 

predict glucose and acetate concentrations from spectra acquired in E.coli fermentations. 

Further applications included mammalian cell cultures23,24, bacterial25–28 and yeast29–31 

fermentations. 
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Within optical fibers, light is transmitted by total internal reflection. Transmission ranges 

depend on material properties: the lower wavelength limit is determined by electronic 

absorption (band gap edge), while the higher wavelength limit depends on the multiphonon 

edge (for details see 32–34). Furthermore, transmission depends on losses due light 

scattering within the material, impurities, and material defects. The Numerical Aperture 

(NA) or acceptance angle of the fiber, which in turn depends on the critical angle for total 

internal reflection, i.e. the ratio of refractive indices of core material (within which the light 

is guided) and the surrounding medium (often an appropriately chosen cladding layer, or 

the coating). For fibers with high refractive indices, losses due to reflection at core ends, 

especially at high incidence angles, have to be taken into account. Therefore, care should be 

taken when coupling the light in and out of the fiber34. A major advantage of optical fibers is 

their flexibility, it should however be noted that the more the fiber is bent, i.e. the smaller 

the bending radius, the lower the transmission. This decrease in transmission is due to the 

fact that the conditions for internal reflection are fulfilled less and less. 

Polychrystalline silver halide (AgX) is currently the most commonly used fiber optic 

material for FT-IR spectroscopy probes. This is because the fingerprint region (1500 – 900 

cm-1) is accessible (transmission ranges from 2500 to 625 cm-1)33. To avoid excessive 

bending or breaking of the relatively soft and brittle material, commercial probes are 

usually constructed such that they cannot be bent beyond a certain radius. Very little work 

on bioprocess monitoring using fiber optic ATR probes has been published: Fayolle et al.35 

used a fiber-optic probe to monitor glucose in a bacterial fermentation and we have 

recently reported the monitoring of precursor and product in a fungal fermentation using 

PLS-R and MCR-ALS36. We could furthermore show the possibility to not only access 

information on analytes in solution, but also on the microorganisms themselves with the 

aid of ultrasonic standing waves37. Foley et al.38 presented a feasibility study for monitoring 

mammalian cell culture medium components by in-line ATR FT-IR spectroscopy in which 

they used a fiber-optic and a conduit ATR probe to acquire spectra of single analyte 

solutions, multilevel mixtures, and spiked culture medium samples off-line. They concluded 

that the conduit probe was the more accurate one for their experimental setup and that 

ammonia and glucose could be monitored using both probes. 

Here, we want to present a comparison of the performance of a fiber-optic probe connected 

to a sealed process spectrometer, with a more sophisticated, dry air flushed, process 

spectrometer, equipped with a conduit probe for in-line bioprocess monitoring. Both setups 
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were coupled to the same bioreactor and four P. chrysogenum fermentations were 

conducted during which product (phenoxymethylpenicilin or penicillin V, hereafter PenV) 

and its precursor (phenoxyacetic acid, hereafter POX) were monitored by FT-IR 

spectroscopy in combination with PLS-R and on-line HPLC. Advantages and potential 

disadvantages of the respective ATR FT-IR setups will be discussed. 

MATERIALS AND METHODS 

In-line ATR FT-IR spectrometers 

Two setups were used for acquisition of FT-IR spectra in-line: The sealed, portable process 

spectrometer ReactIR 15 equipped with the in-line fiber optic ATR-probe DS DIcomp AgX 

(silver halide) 9.5 mm (hereafter: RIR15) and the process spectrometer ReactIR 45 

connected to K4 conduit probe, a four knuckle, rigid, mirrored conduit, equipped with an in-

line diamond ATR sentinel probe head (hereafter: RIR45) (all Mettler Toledo, Switzerland). 

The mirrors of the conduit are adjustable by three screws to optimize light transmission in 

different conduit positions; this was done before each fermentation once the probe and 

spectrometer were in final position. The RIR45 (spectrometer and probe) was constantly 

purged with dry air at a flow rate of at least 15 liters per hour (purge generator: Parker 

Balston 75-45, Parker Hannifin USA). Spectra were recorded from 2800 – 800 cm-1 (RIR15) 

and 4000 – 650 cm-1 (RIR45) with a resolution of 8 cm-1 and each averaged over 256 scans. 

The dedicated softwares iC IR 4.2 (RIR15) and iC IR 4.02 (RIR45) (both Mettler Toledo), 

respectively, were used for recording and basic manipulation of data, e.g. single point 

baseline corrections. Spectra of single analyte standards of POX (99%, Sigma Aldrich, USA) 

and PenV (pencillin V potassium, kindly provided by Sandoz AG) in 20 mM phosphate 

buffer (pH 6.5) were recorded with the RIR15. 

P. chrysogenum cultivations 

Four fed-batch fermentations of P. chrysogenum (strain BCB1, kindly provided by Sandoz 

AG) were carried out in a 15-L autoclavable, fully automated and controlled stirred 

bioreactor (Infors, Switzerland) coupled to the integrated process control and management 

system Lucullus (Biospectra AG, Switzerland). Media compositions were as described 

previously in39, the process was adapted to the larger bioreactor employed in this study and 

POX addition was performed as described below. Both, the RIR15 and the RIR45 were 

coupled to the bioreactor through 25 mm Ingold ports (Figure 1). 



Scientific publications    135 

 

Figure 1: The bioreactor setup. 

On-line reference analysis 

POX and PenV concentrations were determined by isocratic HPLC using a ZORBAX C-18 

column (Agilent Technologies, USA) and 28% acetonitrile, 6 mM H3PO4, 5 mM KH2PO4 as 

elution buffer. On-line coupling of the HPLC to the bioreactor and sampling was realized as 

described in36. In short it consisted of 2 parts: a ceramic filter (iba e.V. Heiligenstadt, 

Germany) through which cell-free culture medium was sampled at constant flow with a 

peristaltic pump and a flow-through cell from which samples were drawn for HPLC 

analysis. 

Characterization of system performance 

For comparison of the performances of the two setups of 100% line were recorded with 

both setups with the probes coupled to the medium-filled bioreactor after autoclavation. 

fiber optic probe 
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The root-mean-square (RMS) and peak-to-peak (PP) noise of the 100% lines were 

calculated using OPUS 7.2 (Bruker Optics, Germany) as: 

𝑅𝑅𝑅𝑅𝑅𝑅 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  �∑ (𝑦𝑦𝑖𝑖−𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡)2𝑁𝑁
𝑖𝑖=1

𝑁𝑁
  (1) 

where  𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is a straight line fitted to the data and 𝑦𝑦𝑖𝑖  the 100% line for each datapoint 𝑁𝑁 in 

the selected wavenumber region, while the PP noise is the difference of the absolute 

maximum and absolute minimum absorption value. Here, the RMS and PP noise were 

calculated between 1200 and 1400 cm-1. 

Partial least squares (PLS) regression 

For each setup, the three spectra acquired closest to the on-line HPLC sampling times were 

averaged and used for modelling. Derivatives using the Savitzky-Golay algorithm40 were 

calculated in Matlab (USA) using the savgol function (PLS toolbox, Eigenvector Research, 

USA) and PLS-R models developed and applied in DataLab41 (Epina Software Labs, Austria). 

First derivative (2nd order, filter width 11) and mean centering gave the best results and 

were therefore used in all models. Cross-validation was done by random subsets, either 

using 15 (approx. 10% of complete sample) or 40 samples as cross-validation group and 

calculating 20 iterations. The root-mean-square error of prediction (RMSEP), in this case 

also referred to as the root-mean-square error of cross-validation (RMSECV), was 

calculated as  

𝑅𝑅𝑅𝑅𝑅𝑅𝑀𝑀𝑀𝑀 =  �∑ (𝑦𝑦𝑖𝑖−𝑦𝑦�𝑖𝑖)2𝑁𝑁
𝑖𝑖=1

𝑁𝑁
  (2) 

where 𝑦𝑦𝑖𝑖  are the HPLC reference data and 𝑦𝑦�𝑖𝑖  the values predicted by PLS for each iteration. 

The RMSEP was used as a parameter to estimate the quality of the model. 

RESULTS AND DISCUSSION 

System performance 

The single beam spectra of the two setups recorded in-line in fed-batch medium (Figure 2 

left) show the differences in light throughput: The conduit probe transmits light over a 

broad range of wavenumbers and in combination with the used spectrometer covers 

between 600 – 4000 cm-1, while the fiber optic probe has an upper limit of about 2500 cm-1. 

Due to the absorption of the diamond ATR element, both single beam spectra show very 

low intensities between 1950 and 2200 cm-1. The dip around 1640 cm-1 is due to the strong 
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IR absorption of the 𝜐𝜐2-vibration (bending) of H2O. For the RIR45, the intensities in the 

spectral region where the POX/PenV absorption bands are located are higher than for the 

RIR15. Performance of the system was investigated by recording 100%-lines, i.e. recording 

a background and a sample without changing the conditions in the light path (no sample 

applied, same spectrometer settings, etc.). Thus, the noise of the measurement system due 

to e.g. physical limitations of detectivity, instabilities of the globar, etc., can be assessed. The 

100%-lines (Figure 2 right) indicate that the noise level of the RIR15 is higher than that of 

the RIR45. In the spectral region of greatest interest for the quantification of PenV/POX, i.e. 

1400 to 1200 cm-1, the RMS and PP noise, respectively, are approximately a factor 2 higher 

for the RIR15 than the RIR45 (Table I). 

 
Figure 2: a) Single beam spectra of the two spectrometer systems recorded in fed-batch medium. The 

wavenumber region that can accessed with the RIR15 (dashed line) is limited to 800 to 1950 cm-1by 

transmittance of the AgX fiber. b) The 100% lines of the RIR45 and the RIR15 in the wavenumber region 

accessible for calibration. The inset shows the 100% percent lines in the respective wavenumber 

regions covered by each setup. 

Table I: The RMS noise and the PP noise calculated between 1200 and 1400 cm-1 of the ReactIR 15 and 

the React IR 45, respectively, found when the probes were in position for measurement in the 

bioreactor. The 100% lines for calculation were acquired in fed-batch medium. 

Setup RMS Noise (AU) PP Noise (AU) 

RIR15 5.34*10-5 23.2*10-5 

RIR45 2.71*10-5 11.4*10-5 

 



Scientifc publications 138 

PLS-R models 

To gain insight into which wavenumber regions might be of interest for building the PLS-R 

models, single analyte spectra of POX and PenV were recorded. The absorption bands of 

POX and PenV (Figure 3) are overlapping in large parts of the recorded spectra. Some 

bands, however, are unique to one of the analytes (e.g. C=O carbonyl band at 1760 cm-1 for 

PenV) and relative intensities are different. 

As the on-line HPLC samples were drawn from a flow-through-cell, a clear attribution to a 

single spectrum could not be made; therefore, average spectra of the three spectra acquired 

closest to the HPLC sampling time were calculated and used. Another difficulty in 

assignment of the respective HPLC reference concentrations to the correct spectra was the 

sampling delay (approx. 90 min) due to the physical distance between the fermenter and 

the HPLC. 

             
Figure 3: ATR spectra of POX and PenV recorded with the RIR15 (offset 15 mAU for clarity) and their 

molecular structures. 

PLS-R models for POX 

PLS-R models of POX were built for both spectrometer setups using results from on-line 

HPLC measurements as reference values. Two HPLC outliers were identified (unusually 

high Q-residuals and subsequent plausibility check of value) and thus omitted. The CV-

predicted POX concentrations obtained with the RIR15 PLS-model (Figure 4 a) deviate 

more from the HPLC reference values than the ones from RIR45 PLS-model. This is 

especially true for higher concentration values. In the low concentration range (below 

approx. 1 g L-1) both models fail to predict accurately. During fermentation B (open circles) 
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no PenV was produced due to an error in pH control during the early phase of the fed-batch 

process. In the score plot of PC1 vs. PC2 this deviation from standard conditions is clearly 

visible for both spectrometers (data not shown). The POX concentrations of fermentation B 

are more accurately predicted by the RIR45 PLS-model than the RIR15 PLS-model, as is 

reflected by the RMSEP for this fermentation (0.21 g L-1 for the RIR45 vs. 0.32 g L-1 for the 

RIR15). 

 
Figure 4: POX concentration measured by on-line HPLC vs. POX concentration predicted by PLS-R from 

ATR spectra acquired with the RIR15 (a) and RIR45 (b). 

Table II: Parameters of POX PSL-R models. 

 

PSL-R models for PenV 

PLS-R model for PenV were built for both setups from spectra obtained during 

fermentations A, C, and D. Spectra from fermentation B were omitted, since no PenV 

production took place due to a fault in the pH regulation early during the fermentation. 

During fermentation A, water vapor levels inside RIR45 varied over the course of the 

fermentation due to faults in the pressurized air supply of the purge air generator. To avoid 

the influence of this (a-normal) variation in the data, the wavenumber region chosen was 

slightly narrower in the lower wavenumber region than for the POX models (Table III), 

Setup Wavenumber region 
(cm-1) R2 CV LV RMSEP 15 (g L-1) RMSEP 40 (g L-1) 

RIR15 1818-1747 & 1423-
1188 0.96 6 0.15 +/- 0.01 0.20 +/- 0.01 

RIR45 1818-1747 & 1422-
1187 0.98 6 0.16 +/- 0.01 0.17 +/- 0.1 
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where these data are not as prominent as spectra from fermentation B were included. The 

PLS-R models have very similar performances for both spectrometers (Table III) and are in 

the same error range as the POX PLS-R models, even though only 5 latent variables were 

used (compared to 6 for POX). The lower number of latent variables necessary to model 

PenV concentrations could be due to the experimental design leading to a wider range of 

PenV-concentrations. 

 
Figure 5: PenV concentration measured by on-line HPLC vs. PenV concentration predicted by PLS-R from 

ATR spectra acquired with the RIR15 (a) and RIR45 (b). 

Table III: Parameters of PenV PSL-R models. 

 

Prediction of POX and PenV 

The developed PLS-R models were subsequently used to predict POX and PenV from 

spectra obtained during fermentation C (Figure 6). The high spectrum-to-spectrum 

stability of the RIR45 is reflected by lower variations in the estimated POX and PenV 

concentrations compared to those obtained from RIR15 spectra. The concentration values 

measured by HPLC during the application of a POX pulse at t = 155 h are a lot higher than 

the ones estimated by both PLS models and, when compared to the scale signal readings, 

have to be regarded as outliers. It was hypothesized that the high biomass content at this 

Setup Wavenumber region 
(cm-1) R2 CV LV RMSEP 15 (g L-1) RMSEP 40 (g L-1) 

RIR15 1818-1747 & 1352-
1185 0.98 5 0.18 +/- 0.01 0.19 +/ 0.01 

RIR45 1818-1747 & 1351-
1183 0.98 5 0.16 +/- 0.00 0.17 +/- 0.01 
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point of the fermentation lead to a slower distribution of POX in the vessel and thus the 

local concentration around the filter probe was higher than the true average concentration. 

A shift towards lower estimated concentrations of both POX and PenV for the RIR15 was 

observed at t = 135 h. Visual inspection of the spectra acquired around this process time 

gave no conclusive explanation on why this shift occurs. For this fermentation, the RIR15 

PLS-model for POX slightly overestimates the measured concentration, especially for 

process times smaller than 135 h, i.e. before the shift had occurred. PenV, on the other hand, 

is underestimated from this point in the fermentation. The POX concentration estimated 

with the RIR45 PLS-model is in good agreement with the HPLC reference values for process 

times smaller than 145 h; after that the difference between the HPLC-determined and the 

PLS-estimated concentrations gradually increases until it reaches 0.2 g L-1 at t = 152 h and 

remains constant after that. The PenV concentration estimated by the RIR45 PLS-model 

starts to deviate from the HPLC values earlier in process (i.e. at t = 136 h) than the 

estimated POX concentration; it is subsequently overestimated. 

Topping up of liquid nitrogen to cool the detectors (times indicated by gray dashed lines in 

Figure 6) generally did not have a great influence on the estimated values, with the 

exception of RIR15-estimated POX concentrations during the second top up. Here, a 

temporary decrease in estimated concentration was observed. 

The strong cross-correlation of POX and PenV concentrations and of their spectroscopic 

signatures is obvious for both spectrometers: For the RIR45 PenV is slightly overestimated 

when POX is very accurately predicted, and starts to be overestimated when POX is 

underestimated. This is, with certain limitations, also true for the RIR15 models (albeit the 

other way around; here PenV is underestimated when POX is accurately predicted). When 

comparing the sums of PLS-estimated and HPLC-measured POX and PenV concentrations 

for each time point, the RIR45-estimated sums correlate better with the HPLC-measured 

sums than the RIR15-estimated ones (data not shown).   
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Figure 6: POX (black squares) and PenV (black circles) on-line HPLC measurements obtained during 

fermentation C and the values estimated by the PLS-R models (RIR15 blue lines, RIR45 green lines). The 

grey dashed lines indicate the times when the detectors were topped up liquid nitrogen. 

CONCLUSIONS 

The two setups used in this study, the portable process spectrometer RIR15 equipped with 

a fiber optic ATR probe and a larger process spectrometer RIR45 equipped with a optical 

conduit probe, were both successfully used for acquisition of FT-IR spectra in-line during 

fermentation of P. chrysogenum. From these spectra and reference values obtained by 

online HPLC, PLS-R models for the determination of PenV and its precursor POX were built. 

The overall performance of the RIR45 was better than that of the RIR15, i.e. lower noise-

levels and slightly lower RMSEP were found. As PLS-R is a method that identifies variations 

in the data that correlate with changes of the given reference data and thus intrinsically 

filters out random noise, the RMSEP of the RIR15 models, i.e. the ability to accurately 

estimate unknown concentrations, do not greatly suffer from the higher noise level. Both 

spectrometers were able to estimate the trends of POX and PenV concentrations during a 

fermentation within satisfactory limits. The RIR15-estimated concentrations vary more 

greatly from spectrum to spectrum than the RIR45 ones for both, PenV and POX, here either 

averaging over more scans (during spectrum acquisition), averaging over a few spectra for 

concentration estimation or calculation of the moving average of the estimated values could 

help to decrease the noise. 

Overall, both spectrometers and probes were suitable for the estimation of POX and PenV 

concentrations within approximately +/- 0.2 g L-1 of HPLC reference during a sample 

fermentation, with the RIR45 delivering better results. When selecting one of the systems 
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for bioprocess monitoring, a trade-off has to be made between ease of installation and 

maintenance (i.e. dry air purging), and measurement accuracy and prize. 
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Appendix A 

Engineering drawings Prototype 1 – reprinted with permission from Bauer 2009135. 
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Engineering drawings Prototype 2 
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Appendix C 

Design and dimensions of the extension for the transducer housing holder. 
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Extenson top view: 

 

Extension side view: 
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3D Rendering of the extension: 

 

Cross section of prototype 2 including the extension (resonator length: 1.1 mm): 
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