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Abstract: The innovative principle of enzymatic sensors applied to monitor the feeding process in disposable 
bioreactors is described. Innovative is the type of enzyme immobilized within the ‘paste’ to monitor l-glutamate. 
Innovative is the application of the miniaturized disposable sensor developed at C-CIT AG for continuous moni-
toring. The sensor allows the amount of the digested nutrient to be estimated from the amperometric signal. 
Innovative is the wireless signal transduction between the sensor mounted to the bioreactor and the signal re-
ceiver. An example of a process control run is given and, also, the biocompatibility and the specifications of the 
biosensors. The comparison of results evaluated by different analytical methods is discussed.
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1. Introduction

According to the FDA Guidance for Indus-
try (PAT Guidelines[1]), Process Analytical 
Technology (PAT) “is intended to support 
innovation and efficiency in pharmaceuti-
cal development”. The Agency encourages 
manufacturers to use the PAT framework to 
develop and implement effective, innova-
tive approaches in development, manufac-
turing and quality assurance.

The sensors described in this article 
represent one possible solution to a critical 
requirement in biopharmaceutical systems, 
namely the ability to analyze and control 
critical cultivation parameters with real-
time measurements during the cultivation 
process. Such a critical cultivation param-
eter is the supply of carbohydrate such as 
glucose as a nutrient and source of carbon. 
Monitoring the concentration of glucose in 
a cell culture medium allows cell growth 
to be surveyed directly in the medium and 

constitutes the one parameter which cor-
relates inversely with the cell density. 

To fulfill these requirements, novel 
analytical systems and devices have been 
developed and are now commercially 
available. Such devices include single-use 
sensors, which are either integrated in the 
disposable bioreactor or included in the 
cover. They are then discarded together 
with the bioreactor. They provide a con-
tinuous signal and allow information about 
the status of a cell culture to be gathered 
at any time. In contrast to batch analysis, 
such as HPLC, electrochemistry and wet 
chemical analysis,[2–4] this type of biopro-
cess control reduces the risk of contamina-
tion and the effect of shear stress on the 
cells.

An example of such a biosensor, CIT-
Sens Bio, is illustrated in Fig. 1a. The 
CITSens Bio monitors the consumption of 
b-d-glucose and l-glutamate as feed pa-
rameters and/or the production of l-lactate 
as a growth inhibiting metabolite during 
the bioprocess. 

The goal of developing this sensor was 
to measure glucose consumption as well as 
other parameters continuously, to provide 
disposable tools at a reasonable price and to 
make the production process more effective. 
The production process can be terminated 
in the phase of maximum rate of product 
yield. Continuous monitoring also reduces 
the risk of contamination. No staff time is 
needed to sample aliquots of the medium in 
the flow-bench for external analysis. More-
over the disposable bioreactor does not have 

to be removed from the incubator and ex-
posed to ambient conditions, which disturbs 
the production process.

2. Experimental

2.1 Quality Assessment of Sensors: 
Chemicals and Reagents

Chemicals for calibration solutions: d-
(+)-glucose >99.5 % (HPLC), l-glutamic 
acid >99.0%, l-(+)-lactic acid 98%, lith-
ium chloride anhydrous, puriss. p.a. (low 
in sodium) all from Sigma-Aldrich, Swit-
zerland. Imidazol buffer solution, doubly 
distilled water.

Chemicals for pH-buffer solutions: Im-
idazol puriss. ≥99.5%, solutions 100 mmol l–1 
(25 oC) adjusted to pH 7.0 by hydrochlo-
ric acid 37% (puriss.p.a., Sigma Aldrich 
Chemie GmbH, CH-9471 Buchs, Switzer-
land). To obtain the conductivity required, 
lithium chloride was added (4.239 g l–1, 
100 mmol l–1 ).

Chemistry of the ‘paste’. The chem-
istry, which includes the enzyme and the 
additives, is confidential. The recipe to 
prepare the paste is owned by C-CIT AG. 

Calibration procedure: zero point is re-
ferred to buffer solution and is very repro-
ducible (instrumental default); d-(+)-glu-
cose, calibration range: 1 to 30 mmol l–1; 
l-(–)-glutamic acid, range: 1 to 30 mmol l–1;
l-(–)-lactic acid, range: 1 to 30 mmol l–1 

CHO cells: Chinese Hamster Ovarian Cells
Cell culture medium: buffered aqueous 

solution consisting of all nutrients (amino 
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medium and the active field of the sensor 
surface. The sensor device is mounted on 
the screwed-on cover of the bioreactor 
(Fig. 2) and packaged in a thermoplastic 
bag for gamma-sterilization and shipping. 
At the point of use, the thermoplastic bag 
is opened and the sensor is aseptically con-
nected to the bioreactor (flow-bench). 

2.4 Continuous Monitoring, Wire-
less Transmission of the Signal and 
Signal Sampling Frequency

The amperometric signal provided by 
the biosensor (see Fig. 2) is detected by 
the radio-frequency beamer (Bio Beamer)  
and wirelessly transmitted to the receiver 
(ZOMOFI®[9]). Both devices are from Al-
bis Technologies AG, CH-8047 Zürich. 
The Bio Beamer contains the electric 
measuring cycle and the power supply and 
was specifically developed by Albis Tech-
nology according to the specifications of 

acids, carbohydrates and fatty acids) to 
feed the Chinese Hamster Ovarian Cells, to 
make them grow and to duplicate them in 
an exponential way (confidential composi-
tion). The medium contains an indicator to 
indicate the pH when it switches to acid 
conditions. The special medium used for 
the experiments shown in Fig. 3 (Section 
3.3) was FMX-8 by Dr. Feruccio Messi,[6] 
cell culture technologies, CH-6929 Grave-
sano, Switzerland (www.cellculture.com).

2.2 The Enzymes: GOD, LOD and 
l-Glutamate Oxidase

b-d-Glucose oxidase from Aspergil-
lus niger, 190–210 units mg–1 (GOD, EC 
1.1.3.4), l-glutamate oxidase from strepto-
myces sp. (LGOX, EC 1.4.3.11), l-lactate 
oxidase from Pediococcus sp., ≥ 20 units 
mg–1 (LOD, EC 1.1.1.27). LOD and GOD 
are from Sigma Aldrich Chemie GmbH, 
CH-9471 Buchs, Switzerland. LGOX was 
received from Hitoshi Kusakabe.[7,8] l-Glu-
tamate oxidase catalyses the deamination 
of l-glutamate. The mature enzyme used 
in the sensor of C-CIT AG, is derived from 
a precursor of LGOX. In nature, LGOX is 
expressed as a precursor in an incompletely 
active form. When digested by an endo-
peptidase, the mature enzyme with a total 
molecular mass of approx. 70 kD and the 
hexadimeric structure a

2
b

2
g

2 
is yielded.

LGOX has high substrate specificity 
and high stability (thermal stability ~80 oC, 
kcat 75 s–1, Km = 0.23 mM). The crystal 
structure of the LGOX has been published 
and the amino acid sequence elucidated.[8] 

2.3 The Biosensor CITSens Bio
The principal feature of the CITSens 

Bio sensor is a miniaturized, screen-print-
ed electrode (Fig. 1a), comprising a system 
with three electrodes for amperometric 
detection of the glucose-turnover and the 

current transmitted to the anode (work-
ing, counter and reference electrode). The 
screen-printed electrode is manufactured 
by ALGRA AG, CH-5634 Merenschwand. 
This three-electrode system ensures a reli-
able electrical signal with long-term sta-
bility. The chemical components incorpo-
rated into a so-called ‘paste’ are deposited 
onto the active field of the working elec-
trode. The ‘paste’ includes the enzyme and 
a scarcely soluble organic conductor. The 
enzyme is cross-linked to a bulk protein 
and is hence immobilized in this network. 
The immobilization process itself has an 
antimicrobial effect. A dialysis membrane 
with a low molecular cutoff is cast over the 
sensing head to create a barrier between 
the sensor and the cultivation medium. 
In addition, the dialysis membrane limits 
the uptake of the enzyme’s substrate by 
the sensor and defines the concentration 
gradient of the substrate between the bulk 

a) b)

Fig. 1. a) CITSens Bio Sensor integrated in the cover of a disposable bioreactor. b) Head of the working electrode which is used in the flow-
through system for chronoamperometric experiments.[5] The center of the electrode is coloured black and contains the biosensor ‘paste’ with the 
immobilized enzyme.

Fig. 2. CITSens Bio mounted on various disposable bioreactors (from left to right: HyperFlask, 
spinner bottle, shake flask, roller bottle, SuperSpinner D1000, CeLLines, CellFactory, t-flasks).
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C-CIT AG. Each sensor/Bio Beamer is 
identified by a specific tag, which is recog-
nized by the ZOMOFI. The receiver, which 
is able to log the responses of up to 1000 
sensors, is connected to a PC to facilitate 
data processing and storage. Each device is 
identified on the PC by its specific tag and 
the performance of each sensor is moni-
tored continuously. In order to reduce the 
number of collected data points, data are 
acquired based on the desired sampling 
rate (every 20 s or longer). The results from 
several bio-monitoring experiments using 
disposable reactors are discussed in the 
following section.

3. The Basics of the Biosensor  
CIT Sens Bio

3.1 A Biosensor with Direct Elec-
tron Transfer from b-d-Glucose, 
l-Glutamate and l-Lactate to the 
Electrode

The CITSens Bio sensors utilize an 
enzymatic oxidation process and electron 
transfer from the specific substrate to the 
electrode (anode) via a chemical wiring 
process. Oxidation is catalyzed by an en-
zyme specific for b-d-glucose, l-lactate 
or l-glutamate, an organic conductor[2] 
and an exceptionally low applied voltage 
(<100 mV). The sensor is therefore not 
affected by the oxygen concentration and 
produces an exceptionally low concentra-
tion of side-products, such as peroxide and 
ammonia. Due to the low applied voltage, 
the sensor has a high selectivity to inter-
fering components and direct oxidation of 
them. The working principle of this sen-
sor is different from that of a number of 
well-known alternatives currently on the 
market, which depend on having a suffi-
cient supply of oxygen for their operation 
as they measure the hydrogen peroxide 
(H

2
O

2
) produced during the bioprocess. 

3.2 Substrate Consumption by the 
Biosensor for b-d-Glucose as an 
Example 

The version of the sensor design used 
for the experimental evaluation of glu-
cose consumption by the biosensor differs 
slightly from the commercialized tool (Fig. 
1b). The chronoamperometric experiments 
are described in detail by Wunderli and 
Andres.[10] A voltage of 100 mV is applied 
between the biosensor (working electrode) 
and the counterelectrode[5,11] of a rotating 
disk electrode, and similarly of an electrode 
mounted on a flow-through system.[5,10] 
The voltage is stabilized with an Ag/
AgCl-reference electrode. In chronoam-
perometry, the current (10–6 to 10–5 A) is 
monitored over time (s) and correlates 
with the substrate turnover of the enzyme 
at the surface. A standard d-(+)-glucose 

concentration of 5 mM was used in these 
experiments. Based on Faraday’s Law, it 
is feasible to estimate the consumption of 
substrate relative to the geometry of the 
electrode exposed to the cell culture me-
dium and the specific activity of the en-
zyme. The medium is thermostatted to 37 
oC and buffered to pH 7.0 with imidazole 
buffer. The conductivity is stabilized with 
LiCl solution (0.1M). In all experiments 
run with the rotating disk electrode and 
the continuous flow system, it was evident 
that the current was robust to the flux at 
the electrode surface. Therefore, the result 
yielded from these experiments can be 
transposed to the situation in a shaken or 
stirred bioreactor. It should be noted that 
the applied voltage, the glucose specific-
ity and diffusion gradient of the enzyme 
substrate between bulk medium and sensor 
field depend on each other and influence 
the quality of the analytical result and the 
detection range.

For an electrode with a surface area of 
1 mm in diameter (see Fig. 1b) and 5 mM 
glucose solution (d-(+)-glucose), 1.1·10–7 
(±0.03) A per mm2 area over 100 seconds 
were measured. For the commercial bio-
sensor with a surface area of 0.5 mm2 area, 
the glucose consumption in reality is esti-
mated to be in the range of <10–12 mol b-d-
glucose per s and in the range of <10–5 to 
10–6 mol glucose over 7–14 days. In com-
parison, the bulk glucose concentration of 
a cell culture medium is in the range of 
1–5.10–2 mol per 1000 ml. The b-d-glucose 
amounts to approx. 64% of the total glu-
cose, depending on the ambient conditions 
such as pH and buffer composition. In a 
volume of 100 ml, the glucose concentra-

tion can be reduced by up to 1% of the total 
due to glucose consumption by the sensor. 
These aspects have to be considered when 
handling smaller volumes where the influ-
ence might become measurable.

3.3 Measurements of b-d-Glucose, 
l-Lactate and l-Glutamate in the 
Bioreactor

Only the results of glucose measure-
ments in an early phase of commercializa-
tion of the sensor are described below. The 
experiments were completed at the Univer-
sity of Applied Science in Wädenswil (see 
acknowledgement[12]) and the results are 
illustrated in Fig. 3.

After adding the biosensor to the bio-
reactor mounted on its cover, the sensor 
is calibrated to the initial glucose concen-
tration in the cell culture medium after a 
conditioning time of approx. 30 min. The 
second calibration point is at zero glucose 
concentration by default. 

In one experiment, the glucose sensor 
was mounted on a T-Flask bioreactor inoc-
ulated with a culture of CHO K1 cells, and 
the glucose concentration was monitored 
directly and continuously with the glucose 
sensor (red and black lines). However, in 
order to compare the various methods of 
glucose analysis,[12b] samples of each batch 
were collected daily and analyzed by the 
instrument ‘Bioprofile’[4] (triangles) and 
by HPLC (squares). In addition, the com-
patibility of the sensor with the CHO cells 
was investigated.[11] The user was able to 
handle the system after a short introduc-
tion, and the integrity of the system was 
sustained over a two-week period. The 
deviation between the sensor and the ref-

Fig. 3. Glucose monitoring in a CHO K1 cell suspension culture over a two-week period. The 
graph illustrates the results of four growth cycles including three passages of cells. The two 
biosensors exhibit an adequate correlation. The results of HPLC (squares) and BioProfile[4] 
(triangles) are indicated.
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erence methods was approx. 0.16 ± 0.09 
g L–1 glucose for HPLC and 0.14 ± 0.13 
g L–1 for the Bioprofile analyzer. Overall 
the mean difference between the reference 
method and the sensor was of the same or-
der of magnitude as that between the refer-
ence methods themselves. 

In another experiment (results not 
shown here), a CITSens Bio sensor was 
mounted on a Superspinner, in which 
Chinese hamster ovary (CHO) cells were 
grown in suspension. The infrastructure 
for the experiments was kindly provided 
by ZHAW (see acknowledgement).

After the conditioning period of 30–60 
min required by the sensor, the decrease in 
glucose concentration was clearly visible. 
On the addition of glucose after 48 h (feed 
cycle), the glucose concentration instanta-
neously rose prior to decreasing again as 
the carbohydrate source is digested.

4. Results and Specifications

4.1 Metrology and Method 
Comparison 

A glucose-specific biosensor provided 
by C-CIT AG is used at the Federal Of-
fice of Metrology METAS in a chronoam-
perometric system in order to establish an 
infrastructure for electroanalytical chem-
istry. The goal is to provide a valuable 
contribution to the traceability of glucose 
content measurements by biosensors.[10] 
In the clinical chemistry laboratory, vari-
ous types of instruments detect and report 
fundamentally different glucose quanti-
ties. In the high-throughput laboratory 
glucose measurements are primarily per-
formed photometrically. Self-monitoring 
and point-of-care testing devices use direct 
reading biosensor devices that do not need 
dilution of the sample. In order to compare 
the results of analytical methods which 
measure different quantities of glucose, 
fixed factors were introduced to convert 
the results.  

In biotechnology, the same situation is 
currently observed. In Fig. 3, three differ-
ent analytical methods to quantify substrate 
concentrations are compared, namely: two 
analysis procedures run externally (HPLC 
and Bioprofile) and one procedure which 
determines the substrates in the undiluted 
cell culture medium without any sample 
pre-treatment (CITSens Bio). Even though 
each method is sensitive to another species 
of the substrate, the results are comparable 
when referred to the calibration procedure, 
with a parallel shift in the concentration re-
sults between the methods (systematic de-
viation). This shift corresponds to the cor-
rection factor used in clinical chemistry.

Typically, the biosensor reacts to a spe-
cific species of the substrate. For GOD, the 
substrate is b-d-(+)-glucose. In the case of 

d-(+)-glucose as a substrate, two anomers 
are known which mutarotate between the 
a- and the b-anomer in aqueous solution. 
The b-anomer is oxidized by the enzyme 
GOD and relies on the enzyme specifica-
tions (see Section 2.2). For glucose as a 
substrate, this fraction accounts for only 
64% of d-(+)-glucose anomer.[13,14] How-
ever, since the sensor is calibrated to d-
(+)-glucose (see Section 2.1), the results 
are referred to mass concentration of this 
species and are comparable to the substrate 
concentration evaluated by other methods. 

Remarkably, the results yielded by 
measurements made directly in the cell 
culture medium tend to be higher than 
those of external methods. This phenom-
enon is well known from measuring blood 
directly. Since the sensor responds to the 
molality of b-d-(+)-glucose (amount of b-
d-(+)-glucose per unit mass of water), the 
result is independent of the concentration 
of fats and proteins which contribute to 
the total volume. In contrast, if the cultiva-
tion medium is sampled by a pipette, these 
components contribute to the sampled total 
volume and glucose is also referred to the 
volume of other components than glucose. 
Therefore, the glucose mass concentration 
measured after sample pretreatment and 
dilution with reagents and pH-buffer is re-
ferred to a higher volume than that in the 
undiluted specimen; the concentrations are 
lower than those measured directly in the 
specimen within the bioreactor.

In Fig. 3, the deviation between the ana-
lytical methods is relatively small. It would 
be more pronounced in cultures with high 
cell density and highly concentrated culti-
vation media. The biosensor’s concentra-
tion results correlate inversely with the 
exponential increase in cell density.

4.2 Biocompatibility
Toxic effects between the sensor and 

the cells were investigated by measure-
ments of the cell density and cell vitality. 
No toxic effects due to an interaction be-
tween the sensor and the cells were ob-
served (Ce-Power GmbH, CH-8820 Wä-
denswil). However, the advantage of in-
line monitoring with the biosensor system, 
as opposed to the off-line measurement 
methods, only became apparent after the 
fourth cycle. Both biosensors indicated the 
end of cell growth when the glucose con-
centration remained constant (black line), 
confirming that no further glucose was be-
ing consumed and that the stationary phase 
of the cells had been reached. This station-
ary phase was not readily identified by the 
daily off-line measurement using the refer-
ence method.

In addition to measuring the rate of 
cell growth and multiplication, continuous 
analysis also enables immediate detection 
of any contamination, which causes the 

glucose concentration to decrease instan-
taneously.

4.3 Bioburden Testing for Medical 
Devices

In March 2010, three glucose-specific 
sensors CITSens Bio were tested for their 
‘bioburden’ according to SN ISO 11737-
1 and European Pharmacopeia ch.2.6.12 
by Medistri SA, Domdidier, Switzerland 
(www.medistri.com). The tests were execut-
ed in Trypcase Soja and Thio Clair Bouillon 
at 24 and 33 oC. No growth induced by the 
biosensors was detected, the sensors were 
considered ‘conform’ according to the stan-
dards mentioned above and USP.

4.4 Specifications for Monitoring 
b-d-Glucose

The sensor can be purchased as an 
add-on and can be connected to any dis-
posable reactor with a volume of 100 ml 
or more (see Fig.1a and 1b, Fig. 2). The 
shelf life of the sensors is 6 months at 4 
ºC. The consumption of b-d-glucose in a 
medium is <10–12 mol per s. The detection 
limit (6 SD) is 0.18 g glucose l–1 , which 
is equivalent to 1 mmol l–1 . The operat-
ing range is 0.18–10.8 g l–1 , equivalent to 
1–60 mmol l–1 . The guaranteed operating 
lifetime is 14 days. 

Application recommendation: The 
sensor has to be operated in a biologically 
buffered medium under stable temperature 
conditions. Under other conditions its op-
eration cannot be guaranteed. 

4.5 Specifications for Monitoring 
l-Glutamate and l-Lactate

The shelf life of the sensors is 6 months 
at 4 ºC. The detection limit (6 SD) is at 1 
mmol l–1 equivalent to 0.147 g l-glutamate 
l–1 and 0.09 g l-lactate. The operating range 
is similar to glucose and is between 1 and 
60 mmol l–1 which is up to 5.4 g l–1 l-lactate 
and 8.8 g l–1 l-glutamate. The guaranteed 
operating lifetime is 14 days. 

5. Summary 

The use of an in-line biosensor has 
confirmed the effectiveness of continuous 
monitoring in controlling the quality of 
bio-processes, as stipulated by the FDA in 
their Guidance for Industry to PAT (pro-
cess analysis).

In-line sensors offer several advantages 
including:
•  elimination of sampling steps
•  reduced risk of contamination
•  no reagent costs, unlike with batch ana-

lyzers
•  chemical analyses can be carried out 

close to the process, with the process 
control 

•  centralized
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•  immediate detection of contaminations 
and any other process changes.

•  The results of the glucose biosensor can 
be traced back to a standard run at the 
Federal Office of Metrology  (METAS), 
Switzerland, for quality assessment.

6. Conclusions

The biosensor system described in this 
article has been developed specifically for 
bioprocess monitoring and fulfills the re-
quirements of this application. The sensor 
is able to work continuously for 14 days 
and provides data to survey glucose con-
sumption related to increasing cell density. 
The instrumentation and the biosensors are 
available at a reasonable price and help to 
make the production process very effec-
tive (see www.c-cit.ch). In addition, con-
tinuous monitoring saves resources. The 
production process can be stopped in the 
phase when the rate of product yield and 
cell density are at a maximum. Moreover, 
continuous monitoring reduces the risk of 
contamination. Staff do not have to spend 
time sampling aliquots of the medium in 
the flow-bench for external analysis, and 
the production process is not interrupted 
by having to remove the disposable reac-
tor from the incubator. 
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