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n A B ST R A C T
Spectroscopic methods have increasingly been gaining
acceptance in the biopharmaceutical industry over the last
years. This is partly due to technological advancements, which
make integration into the process stream easier, but also
intrinsic features that make them attractive as a PAT tool.
These attributes include (i) their non-invasive nature, (ii) their
capability of real-time monitoring, (iii) the absence of
sampling, and (iv) the simultaneous measurement of several
analytes.
Important process parameters such as nutrients, metabolites,
and product titer can be quantified during bioprocess
monitoring based on spectroscopical methods applied. In
combination with multivariate methods this can effectively be
utilized for advanced bioprocess monitoring and control.
Therefore, Raman and MIR spectroscopy were studied to
reveal their ability of monitoring mammalian cell cultures. As
both techniques measure in the molecules’ so-called fingerprint region, they can detect similar analytes, but with
differing sensitivities. Therefore, a direct comparison between
the 2 technologies was conducted to investigate which system
is more suitable for analyzing mammalian cell culture(s).
n ZUSAMMENFASSUNG
Vergleich von Raman- und MIR-Spektroskopie zur
Bioprozessüberwachung von Säugetier-Zellkulturen
In den letzten Jahren haben spektroskopische Methoden in
der biopharmazeutischen Industrie zunehmend an Wichtigkeit gewonnen. Dies liegt z. T. an technologischen Fortschritten, die die Implementierung direkt im Prozess
vereinfachen, aber auch an intrinsischen Eigenschaften, die
sie als PAT-Werkzeuge attraktiv machen. Diese Eigenschaften
beinhalten unter anderem: (i) ihren nicht-invasiven Charakter,
(ii) die Möglichkeit der Echtzeit-Messung, (iii) obsoleszieren
der Probennahme, und (iv) die simultane Messung mehrerer
Analyten in einem Spektrum.
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wachung quantifiziert werden. In
Kombination mit
multivariaten Methoden kann dies effektiv eingesetzt werden,
um fortschrittliche Prozessüberwachungs- und Kontrollstrategien umzusetzen.
Aus diesen Gründen wurden Raman- und MIR-Spektroskopie
untersucht, um ihre jeweiligen Fähigkeiten bzgl. der Überwachung von Säugetier-Zellkultivierungen zu evaluieren. Da
beide Methoden im sog. Fingerabdruck-Bereich der Moleküle
messen, können sie die gleichen Analyten, aber mit unterschiedlicher Sensitivität, messen. Daher wurde ein direkter
Vergleich zwischen den beiden Technologien unternommen,
um herauszufinden, welches System zur Analyse von
Säugetier-Zellkulturen besser geeignet ist.

1. Introduction
Quality by Design (QbD) and Process Analytical Technologies (PAT) have been an important topic in the biopharmaceutical industry for some years but have recently witnessed a significant push in implementation in
manufacturing [1–3]. While the industry generally has
the tendency to be slow in adapting new methodologies,
recent technical developments, in combination with the
trend towards intensified, high-throughput manufactur-
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ing, has helped boosting this quick acceptance in the
biopharmaceutical industry.
Within the PAT/QbD framework, on-line process
monitoring, and control of a design space play a significant role to ensure consistent product quality [4]. Quantifying multiple critical process parameters simultaneously and in continuous fashion is therefore crucial.
This can either be achieved by building a multi-sensor
network of suitable in-line sensors or using multi-attribute methods that can detect several analytes of interest
at once, i.e., using spectroscopic methods. Optical Spectroscopy offers many advantages over other sensor
types, such as the ability of remote, real-time sensing,
being non-invasive and no need for sampling [5].
In the context of bioprocess monitoring, important
parameters, apart from the physical reactor ones (e.g.,
stirrer speed, dissolved oxygen and dissolved CO2), are
usually (i) those that are cell specific (viable and total
cell count, viability, cell diameter), and (ii) those concerning nutrients and metabolites (e.g., glucose, lactate,
glutamine, glutamate, and ammonium). Finally, as a key
process performance indicator, target protein concentration is regularly evaluated as well. Previous studies
have shown that spectroscopic methods can be applied
for most of these analytes, namely those in the infrared
region. Here, Raman and MIR spectroscopy have displayed the best performance [6]. As both methods measure in the so-called “fingerprint region” – where fundamental properties of the molecules are found – they detect similar analytes, however with differing sensitivities
[7]. While many publications have shown Raman spectroscopy’s capabilities towards monitoring mammalian
cell cultures [8, 9], MIR spectroscopy has been investigated less frequently [6, 10].
Due to the aforementioned reasons, this study investigated whether Raman or MIR spectroscopy is better
suited for process monitoring of mammalian bioprocesses. As a benchmark, data from five CHO cultivations
for both Raman and MIR spectroscopy have been used
for building multivariate models for several important
process parameters. These models have then been used
for predicting the analyte values from 2 additional processes. The resulting model errors for each analyte from
Raman and MIR spectroscopy, respectively have been
utilized as a point of reference for direct comparison of
these 2 methods.
2. Material and Methods
In total, 7 cultivations with a proprietary IgG-producing CHO-DG44
cell-line were performed in 10 L stirred-tank bioreactors. In order to
introduce more variations into the data, and to reduce possible correlations between analytes of interest, 2 different feeding strategies were
utilized. In cell cultivations (CC) 1, 2, 6, and 7 a continuous Feed A was
implemented. In CCs 3, 4, and 5 Feed A was added as a bolus. In all
cases, an additional feed B was included as bolus, as well.
For spectroscopic analysis, 2 different methods were utilized.
Firstly, an in-line Raman spectrometer (ProCellics, Resolution Spectra,
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France) was employed for continuous measurement within the process. Secondly, a daily offline sample was measured with an MIR spectrometer (MIRA Analyzer, Micro Biolytics, Germany) at-line for direct
comparison between the 2 spectroscopic techniques. For quantitative
model building, the measurements of both methods were aligned with
the daily in process control measurements for the analytes of interest,
i.e., glucose, lactate, glutamine, glutamate, ammonium, and target
product titer (Cedex Bio HT, Roche, Switzerland).
These spectrum plus offline measurement pairs were then loaded
into SIMCA 16 software (Sartorius Stedim Data Analytics, Sweden) for
multivariate modeling. After suitable data pretreatment of the spectra
(asymmetric least squares and normalization to the water band for Raman [8, 11], SNV+1st Derivative for MIR) 1 separate Orthogonal PLS
(OPLS) model for each respective analyte was built. During the initial
model building phase (data from CC 1–5) cross-validation with each
cultivation forming 1 validation group was used for evaluating model
performance and predictability. CC 6, and 7 were then used as an outside dataset for assessing the model’s predictive power. As statistical
parameters, the goodness of fit (R²), as well as the root mean square
error of cross validation (RMSEcv) and prediction (RMSEP) were utilized to directly compare model performances.

3. Results and Discussion

3.1 Quantitative OPLS models
With the data from 5 different cultivations (CC 1–5) individual OPLS models were built for the analytes of interest. To allow a direct comparison of results achieved
by MIR and Raman spectroscopy, respectively, the daily
offline samples that were used as a Raman reference
were the same that were anallyzed with MIR.
For glucose, both spectroscopic methods comparably yielded good results, with a R² value above 0.96
and a RMSEcv of around 0.3 g/L (Table 1, Fig. 1 A),
B)). In case of lactate, good models for both methods
could also be built, with MIR showing slightly better
performance (R² ≈ 0.89 and RMSEcv ≈ 0.08 g/L) over
Raman (R² ≈ 0.82 and RMSEcv ≈ 0.10 g/L) (Fig. 1 C),
D)). Concerning glutamine, no valid model could be
built from the Raman spectra (Fig. 1 E)). In contrast, a
very good model with the MIR data could be developed (R² ≈ 0.84 and RMSEcv ≈ 0.76 mmol/L) (Fig. 1
F)). With respect to glutamate, the opposite case holds
true. No model for MIR could be constructed, while
the model of Raman showed good performance (R² ≈
0.83 and RMSEcv ≈ 0.54 mmol/L) (Fig. 1 G), H)). With
respect to ammonium/NH4, similar results as with glutamine, were observed. No model could be built for
Raman while MIR showed good performance (R² ≈
0.77 and RMSEcv ≈ 0.94 mmol/L) (Fig. 1 I), J)). Lastly,
models for the target protein titer were compared.
Here, both methods yielded good results, with MIR (R²
≈ 0.94 and RMSEcv ≈ 290 mg/L) again marginally outperforming Raman (R² ≈ 0.83 and RMSEcv ≈ 480 mg/
L), which is still sufficient for process monitoring
(Fig. 1 K), L)).
These findings are in good agreement with literature.
Especially the discoveries concerning the Raman models
are in line with other studies, where glucose and lactate
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Figure 1: Observed (Obs.) vs. predicted (Pred.) plots from model building for A) Glucose
Raman, B) Glucose MIR, C) Lactate Raman, D) Lactate MIR, E) Glutamine Raman,
F) Glutamine MIR, G) Glutamate Raman, H) Glutamate MIR, I) Ammonium/NH4 Raman,
J) Ammonium/NH4 MIR, K) Titer Raman, L) Titer MIR, colored according to cell culture run
(CC); (source of all figures: Alexander Graf).
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n Table 1

Comparison of Raman (online) and MIR (off-line) models for important process parameters. Model
parameters for CCs 1–5 include: # of Latent Variables (LV), Goodness of Fit for all values used in cross
validation (R²), and Root Mean Square Error of cross validation (RMSEcv). Prediction error of the
outside data set (CC 6+7) is expressed as the Root Mean Square Error of Prediction (RMSEP). Invalid
models marked in red with *.
Raman
Glucose [g/L]

MIR

LVs

R²

RMSEcv

RMSEP

LVs

R²

RMSEcv

RMSEP

1+3

0.974

0.32

0.48

1+2

0.961

0.33

0.40

Lactate [g/L]

1+6

0.821

0.10

0.22

1+4

0.892

0.08

0.09

Glutamine [mmol/L]

1+3*

0.354

1.7

–

1+2

0.838

0.76

0.94

Glutamate [mmol/L]

1+5

0.832

0.54

0.82

1+0*

0.233

1.0

–

Ammonium [mmol/L]

1+1*

0.483

1.6

–

1+3*

0.766

0.94

3.7

Titer [mg/L]

1+3

0.832

480

480

1+4

0.94

290

170

also yielded high-quality models with glutamate being
harder to detect [8, 12, 13].

3.2 Model Evaluation
Each models’ predictive capabilities were further evaluated using data from 2 additional cultivations (CC 6+7)
that are not part of the initial model-building. Analyte
concentrations were predicted from the new Raman and
MIR spectra with the respective previously generated
OPLS models. The predicted values were then compared
with the offline reference measurements to calculate the
average prediction errors for each analyte.
For glucose and lactate, the initially good model
performance was confirmed by the prediction errors in
this trial (Raman: RMSEPglucose = 0.48 g/L, RMSEPlactate =
0.22 g/L; MIR: RMSEP glucose = 0.40 g/L, RMSEP lactate = 0.09
g/L) (Fig. 2 A)–D)). In case of glutamine only the valid model from MIR spectroscopy was further tested and again
showed good prediction performance (RMSEP =
0.94 mmol/L) (Fig. 2 E)). Vice versa, for glutamate only the
Raman model was further investigated. Here, the prediction showed also good performance with an RMSEP of
0.82 mmol/L (Fig. 2 F)). In case of lactate and glutamate for
Raman the low R²s can be explained by the circumstance
that the control runs (CC 6+7) showed mostly very low concentrations below the estimated limits of quantification of
around 0.3 g/L also reported by other studies [8]. For
further evaluation of the models for these 2 analytes, their
range could be extended, e.g., by analyte spiking.
With respect to ammonium/NH4, initially no valid
model with the Raman spectra could be designed and
therefore no prediction could be made. The prediction
from the MIR model showed an unexpected large slope
and intercept offset, thus a much larger prediction error
(RMSEP = 3.7 mmol/L) is observed (Fig. 2 G)). Conse-
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quently, the model is not deemed valid any longer. Given
that MIR spectroscopy is not able to measure Ammonium directly, the ammonium model is likely based on
correlation to other organic substances that are also
produced by the cells and accumulate similarly over the
course of a cultivation. In the control runs (CC 6, 7) the
production of ammonium in relation to the correlated
molecules must have been different compared to the
previous runs, thus leading to an underestimation of the
actual concentration.
Regarding antibody titer, the initially good model errors were confirmed by the prediction, with MIR
(RMSEP = 170 mg/L) still being more sensitive than Raman (RMSEP = 480 mg/L) (Fig. 2 H), I)). One reason for
the larger Raman error is the slight slope offset visible in
the Raman prediction, which is not present in the MIR
data. In general, it is known that the titer is harder to
detect with Raman spectroscopy than other analytes,
also highly depending on the process at hand [8]. On
one side, separation between the antibody (i.e., a protein) and the general protein concentration is difficult,
as both rely on the amino acids’ signals. On the other
side, the protein/amino acid peaks are often overlayed
with peaks from other analytes as well, making a distinction more difficult [8]. Since Raman measurements were
conducted in-line, directly in the process stream, measurement interference by the cells could also be an issue,
which is not present in the MIR at-line measurements,
as here the cell free medium was anallyzed. Since the Raman signal was measured at a focus point close to the
sample window, the cells acted as scattering particles,
therefore weakening the detected signal. Since the titer
highly correlated to the cell count, measurement offsets
could be expected for high titer values, which, in turn,
led to offsetting the regression slope (Fig. 2 I)).
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Figure 2: Observed (Obs.) vs. predicted (Pred.) plots from model evaluation for A) Glucose Raman, B) Glucose
MIR, C) Lactate Raman, D) Lactate MIR, E) Glutamine MIR, F) Glutamate Raman, G) Ammonium/NH4 MIR,
H) Titer Raman, I) Titer MIR, colored according to cell culture run (CC).
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4. Conclusion
In conclusion, this study showed that both spectroscopical techniques, Raman (online) and MIR (offline), could
be highly valuable for process monitoring with each
technology delivering unique advantages. The benefits
of MIR spectroscopy are higher sensitivity and better
glutamine detection. The main advantages of Raman
spectroscopy are better glutamate detection and most
importantly the possibility to measure in-line in all kinds
of bioreactors, especially single-use systems. Overall,
both methods yielded extremely good models for most
analytes of interest, especially for glucose and lactate,
which are both known to have a high influence on the
process performance, as well as product quality [9]. Depending on the intended application, i.e., process development or commercial manufacturing, in-line capabilities of Raman spectroscopy can outweigh the performance advantage of MIR spectroscopy. Especially in
manufacturing, continuous process monitoring and control of the design space is desirable, without increasing
the contamination risk through frequent sampling.
Therefore, Raman spectroscopy can be a valuable instrument in the PAT toolbox leading to higher QbD implementation across the industry.
As a next step, both methods will be investigated in
context of their capabilities for amino acid detection in
upstream processing, as well as their application in
downstream applications, especially regarding different
critical quality attribute measurements.
Overall, this study created several robust models for a
range of important process parameters, such as nutrients, metabolites and target protein titers. This can be
attributed to the fact that both spectroscopic types offer
the combined advantages of reliably measuring glucose,
lactate, and product titer simultaneously, in addition to
batch modeling capabilities. As a result, they have the
power to significantly reduce process and development
costs, while mitigating the risk of batch failure. Therefore, the potential of both methods becoming a standard
for process monitoring in the near future is highly promising.
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