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Abstract:
Rheological behaviour of culture broth stands as a fundamental parameter in bioprocess performances because it
affects simultaneously the heat and mass transfer as well as the flow pattern. On-line measurements of rheological
behaviour are hardly compatible with the operating condition with respect to accurate and stringent conditions
imposed by cell culture strategy. Our scientific and technical objectives are (i) to develop and identify an experimen-
tal device enabling on-line rheometry and (ii) to discuss and compare on-line and off-line measurements. In this aim,
a bioreactor was equipped with a derivation loop including a specific on-line rheometric device as well as additional
physical and biological measurements (specific density, mass flow rate, electrical conductivity, pH, pO2 and temper-
ature) during microbial cell cultures. In a first time, friction curves of calibrated ducts were established with New-
tonian and non-Newtonian shear-thinning fluids. In a second time, axenic cultures with two microorganisms (bac-
teria and yeast exhibiting different sizes) were investigated in pure oxidative culture in order to produce biomass
under high cell concentrations: ~ 40 to 110 gCDW/l for E. coli (bacteria) and ~ 75 to 105 gCDW/l for Y. lipolytica (yeast). Cell
broths exhibited Newtonian behaviour for E. coliand shear-thinning behaviour for Y. lipolytica, which were both depen-
dant on biomass concentration. On-line and off-line rheological measurements are consistent for E. coli and Y. lipoly-
tica, but significantly differed. On-line estimated viscosity appears higher than off-line apparent viscosity. Several
assumptions in relation with microorganism physiology and metabolism (size, morphology, surface properties, con-
centration, biological activity) could be formulated in agreement with scientific literature. On-line rheology brings
new insight to investigate complex interaction between physical and biological phenomena.

Zusammenfassung:
Das rheologische Verhalten von Kulturen stellt einen entscheidenden Paramter in der Leistungsfähigkeit von bio-
logischen Prozessen dar, da es sowohl die Wärme und Massenübertragung, als auch das Flussverhalten beeinflusst.
On-line Messungen des rheologischen Verhaltens sind nicht mit den exakten Arbeitsbedingungen die für die Zell-
kulturenstrategie nötig sind, vereinbar. Unsere wissenschaftlichen und technischen Ziele sind (i) die Entwicklung
eines experimentellen Instruments zur on-line Rheometrie und (ii) on-line und off-line Messungen miteinander zu
vergleichen. Dafür wurde ein Bioreaktor mit einem Rohr in Derivation mit einem spezifischen on-line Rheometrie
Instrument und zusätzlichen physikalischen und biologischen Meßgeräten (spezifische Dichte, Durchflussrate,
elektrische Leitfähigkeit, pH, pO2 und Temperatur) ausgestattet. Zunächst wurden Reibwertkurven erstellt mit kali-
brierten Mitteln mit Newtonsches und allgemeinen Nicht-Newtonsches strukturviskosen Flüssigkeiten. Im zwei-
ten Schritt wurden axenische Kulturen von zwei Mikroorganismen (Bakterien und Hefern verschiedener Größen)
in reiner oxidativen Kultur untersucht um Biomasse mit hoher Zellkonzentration zu erzeugen: ~ 40–110 gCDW/l für
E. coli (Bakterien) und ~ 75–105 gCDW/l für Y. lipolytica (Hefe). Das Kulturmedium zeigte Newtonsches Verhalten mit
E. coli und strukturviskoses Verhalten bei Y. lipolytica, wobei beides von der Biomassekonzentration anhing. On-
line und off-line rheologische Messungen sind consistent für E. coli und Y. lipolytica, aber unter scheiden sich deut-
lich. Die geschätzen Werte für Viskosität sind höher wenn on-line gemessen. Verschiedene Annahmen über die
Physiology des Mikroorganismus und den Metabolismus (Größe, Morphologie, Oberflächeneigenschaften, Kon-
zentration, biologische Aktivität) konnten im Einklang mit der Literatur formuliert werden. On-liner Rheologie
ermöglicht neue Einblicke in die Untersuchung der komplexem Interaktion zwischen physikalischen und bilogi-
schen Phänomenen.

Résumé:
Le comportement rhéologique des moûts de fermentation représente un paramètre fondamental pour le contrô-
le et l’intensification des bioprocédés car il affecte simultanément les transferts de chaleur, de matière et de
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behaviour [8] and it may not be excluded that
these wall properties evolved when the cell culture
conditions are not respected, as occurs when a
sample is taken. Supernatant properties can also
affect the broth behaviour when cells produce
metabolites or extracellular polymeric substances
[17]. But this third assumption is not true here as
the supernatant of broth cultures is Newtonian
with very low viscosity. However, all these works
are usually realised off-line and do not take into
account the impact of biological activity and the
presence of gas volume fraction (aeration/re -
spiration) in broth. This point needs to be taken
into account as shown by Barbot et al. [28] who
explored the influence of respiration in the case of
activated sludge under aerated condition within a
bioreactor. In their experiment, rheological behav-
iour was evaluated using on-line torque measure-
ments. They observed that inhibition of respira-
tion by sodium azide addition leads to an evolu-
tion of the rheological behaviour. However, the
comparison between activated sludge and axenic
cell cultures is limited considering differences
between experimental conditions and broth com-
position. But this demonstrates that biological
activity is an additional difficulty for broth charac-
terization and has to be considered during the
measurements.

4 CONCLUSION
Rheological behaviour of broth stands as a fun-
damental parameter that could limit bioprocess
performances. Therefore axenic culture of micro -
organism in bioreactor involves culture strategy
with aeration as a necessary and obligatory para-
meter. All the complexity related to on-line mon-
itoring of rheological behaviour results in the set-
ting up of an adapted tool with correct mea-
surement in respect of cell culture conditions. In
the case of torque measurement, the variation of
agitation speed and aeration flow rate to allow
correct flow regime can hardly be achieved (risk
of disrupt the system) except in robust biopro -
cess (wastewater treatment).

In this study, our objectives were to investi-
gate on-line and off-line physical measurement
with a new device during axenic cell cultures
under high biomass concentration. This dedicat-
ed and innovative experimental set-up was
developed and was calibrated with well-defined
Newtonian and non-Newtonian fluids. Two

microorganisms (E. coli and Y. lipolytica) with dif-
ferent cell size were cultivated. The physical mea-
surements showed different results: (i) the im -
pact of cell concentration on pressure drop, (ii)
the contribution of the gas phase in the broth,
(iii) the possible impact of difference between
off-line and on-line shear rate ranges that can be
explored and (iv) a setting up of caution to use
properly our experimental set-up and to esti-
mate the on-line viscosity equivalent to a homo -
genous liquid medium. Our works demonstrated
the need and usefulness of on-line rheology mea-
surements to achieve and quantify reliable infor-
mation about the dynamic rheological behaviour
of cell broths during cultures. Our researches
bring new insights on the dynamical interactions
between physical and biological phenomena in
bioprocess which will be useful to progress in the
evaluation and the control of their performances.

ACKNOWLEDGMENTS
Authors are grateful to Fédération de recherche
FERMaT FR3089 INPT-UT3-CNRS-INSA TOU -
LOUSE and Bérangère PORTELLI (Ph. D. Student,
LISBP) for scientific and technical contribution.

REFERENCES
[1] Cascaval D, Oniscu C, Galaction AI: Rheology of

fermentation broths. 2 – Influence of the rheo-
logical behavior on biotechnological processes,
Rev. Roum. Chim. 48 (2003) 339 – 356.

[2] Pamboukian CRD, Facciotti MCR: Rheological and
morphological characterization of Streptomyces
olindensis growing in batch and fed-batch fer-
mentations, Braz. J. Chem. Eng. 22 (2005) 31 – 40.

[3] Petersen N, Stocks S, Gernaey KV: Multivariate
models for prediction of rheological characteris-
tics of filamentous fermentation broth from the
size distribution, Biotechnol. Bioeng. 100 (2008)
61 – 71.

[4] Corrieu G: The influence of rheological behavior
on the performance of bioreactors, Biofutur
(1997) A2 – A4.

[5] Ballica R, Ryu DDY, Powell RL, Owen D: Rheologi-
cal Properties Of Plant-Cell Suspensions, Biotech-
nol. Prog. 8 (1992) 413 – 420.

[6] Curtis WR, Emery AH: Plant-Cell Suspension-Cul-
ture Rheology, Biotechnol. Bioeng. 42 (1993)
520 – 526.

[7] Raposo S, Lima-Costa ME: Rheology and shear
stress of Centaurea calcitrapa cell suspension cul-
tures grown in bioreactor, Biotechnol. Lett. 28
(2006) 431 – 438.

[8] Iordan A, Duperray A, Verdier C: Fractal approach

35167-10Applied Rheology
Volume 21 · Issue 3

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org



to the rheology of concentrated cell suspensions,
Phys. Rev. E 77 (2008) 011911.

[9] Trepat X, Deng LH, An SS, Navajas D, Tschumper-
lin DJ, Gerthoffer WT, Butler JP, Fredberg JJ: Uni-
versal physical responses to stretch in the living
cell, Nature 447 (2007) 592 – 596.

[10] Chen F, Chen H, Gong XD: Mixotrophic and het-
erotrophic growth of Haematococcus lacustris
and rheological behaviour of the cell suspen-
sions, Bioresour. Technol. 62(1997) 19 – 24.

[11] Cho YJ, Hwang HJ, Kim SW, Song CH, Yun JW:
Effect of carbon source and aeration rate on broth
rheology and fungal morphology during red pig-
ment production by Paecilomyces sinclairii in a
batch bioreactor, J. Biotechnol. 95 (2002)13 – 23.

[12] Rodríguez Porcel EM. Casas López JL, Sánchez
Pérez JA, Fernández Sevilla JM, Chisti Y: Effects of
pellet morphology on broth rheology in fermen-
tations of Aspergillus terreus, Biochem. Eng. J. 26
(2005) 139 – 144.

[13] Gogus N. Tari C, Oncu S, Unluturk S, Tokatli F: Rela-
tionship between morphology, rheology and
polygalacturonase production by Aspergillus
sojae ATCC 20235 in submerged cultures, Bio -
chem. Eng. J. 32 (2006) 171 – 178.

[14] Mancini M, Moresi M: Rheological behaviour of
baker’s yeast suspensions, J. Food Eng. 44 (2000)
225 – 231.

[15] Klein J, Maia J, Vicente AA, Domingues L, Teixeira
JA, Jurascik M: Relationships between hydrody-
namics and rheology of flocculating yeast sus-
pensions in a high-cell-density airlift bioreactor,
Biotechnol. Bioeng. 89 (2005) 393 – 399.

[16] Toda K, Furuse H, Amari T, Wei XF: Cell concen-
tration dependence of dynamic viscoelasticity of
Escherichia coli culture suspensions, J. Ferment.
Bioeng. 85 (1998) 410 – 415.

[17] O'Cleirigh C, Casey JT, Walsh PK, O'Shea DG: Mor-
phological engineering of Streptomyces hygro-
scopicus var. geldanus: regulation of pellet mor-
phology through manipulation of broth viscosity,
Appl. Microbiol. Biotechnol. 68 (2005) 305 – 310.

[18] Borges CD, Vendruscolo CT: Xanthan synthesized
by strains of Xanthomonas campestris pv pruni:
production, viscosity and chemical composition,
Bioscience Journal 23 (2007) 67 – 73.

[19] Porcel EMR, Lopez JLC, Perez JAS, Sevilla JMF,
Chisti Y: Effects of pellet morphology on broth
rheology in fermentations of Aspergillus terreus,
Biochem. Eng. J. 26 (2005) 139 – 144.

[20] Al-Asheh S, Abu-Jdayil B, Abunasser N, Barakat A:
Rheological characteristics of microbial suspen-
sions of Pseudomonas aeruginosa and Bacillus
cereus, Int. J. Biol. Macromol. 30 (2002) 67 – 74.

[21] Kemblowski ZBPOP: On-line measurements of
the rheological properties of fermentation broth,
Rheol. Acta 29 (1990) 588 – 593.

[22] Seyssiecq I, Marrot B, Djerroud D, Roche N: In situ
triphasic rheological characterisation of activat-
ed sludge, in an aerated bioreactor, Chem. Eng. J.
142 (2008) 40 – 47.

[23] Shah RK, London AL: Laminar flow forced con-
vection in ducts: a source book for compact heat
exchanger analytical data, Advances in Heat
Transfer, Academic Press, New York (1978).

[24] Churchill SW: Friction-Factor Equation Spans All
Fluid-Flow Regimes, Chem. Eng. 84 (1977) 91 – 92.

[25] Metzner AB, Reed JC: Flow of non-newtonian flu-
ids-correlation of the laminar, transition, and tur-
bulent-flow regions, Aiche J. 1 (1955) 434 – 440.

[26] OIML-GUM: Evaluation of measurement data –
Guide to the expression of uncertainty in mea-
surement, Joint Committee on Guides in Metrol-
ogy OIML G 1-100 Edition 2008, Corrected version
2010. 

[27] Wood JM: Osmosensing by bacteria: Signals and
membrane-based sensors, Microbiology And
Molecular Biology Reviews 63 (1999) 230 – 262.

[28] Barbot E, Seyssiecq I, Roche N, Marrot B: Inhibi-
tion of activated sludge respiration by sodium
azide addition: Effect on rheology and oxygen
transfer, Chem. Eng. J. 163 (2010) 230 – 235.

35167-11 Applied Rheology
Volume 21 · Issue 3

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org


