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Abstract The great performance of a fibrous bed bioreactor (FBB) is mainly dependent
on the cell adhesion and immobilization into the fibrous matrix. Therefore,
understanding the mechanism and factors controling cell adhesion in the fibrous matrix
is necessary to optimize the FBB setup and further improve the fermentability. The
adhesion behavior of a strain of Clostridium tyrobutyricum isolated from an FBB was
studied, which was proven to be affected by the different environmental conditions, such
as growth phase of cells, pH, ionic strength, ionic species, and composition of media. Our
results also suggested that electrostatic interactions played an important role on bacteria
adhesion into the fibrous matrix. This study demonstrated that the compositions of
fermentation broth would have a significant effect on cell adhesion. Consequently, a two-
stage glucose supply control strategy was developed to improve the performance of FBB
with higher viable cell density in the operation of the FBB setup.
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Introduction

A fibrous bed bioreactor (FBB), high cell density immobilized in a fibrous matrix packed in
the reactor, has been studied in the laboratory during the last 15 years as a novel cell
immobilization process involving both adsorption and entrapment [1-3]. A fibrous matrix
has been developed as the support for cell immobilization because of its high specific
surface area, high void volume, high mechanical strength, high permeability, low cost, and
low pressure drop [4]. By circulating cell suspension through the FBB, a simple in situ
immobilization of the cells can be carried out. The FBB has been successfully used for the
bioproduction of a series of chemicals, including organic acids [5-7], enzymes [8, 9],
xanthan gum [10], and pharmaceuticals, such as, developmental endothelial locus-1 [11],
embryonic stem cells [12], GM-CSF [13], hepatocytes [14], monoclonal antibody [15], and
soluble human Fas ligand [16].

Clostridium tyrobutyricum ATCC 25755 has been chosen for butyric acid production
preferably due to its high butyric acid concentration and selectivity in the fermentation
broth, and high productivity of the bioreactor, especially in the FBB system [17-19].
Our previous study has also proven that a significantly improved final butyric acid yield
with the high cell density in the fibrous matrix (>40 g cells per liter) was achieved when
using crude cane molasses as the available carbon source [20]. However, the fundamental
mechanism and environmental factors involved in bacterial adhesion in the FBB are
poorly understood and have not been well defined. The aims of the present study were to
test the effect of various environmental conditions on cell-support adhesion, including the
growth phase of cells, pH, ionic strength, ion species, and composition of media, as well
as to optimize the cell immobilization process in the FBB setup.

Materials and Methods
Materials

Cotton towel was selected as the fibrous matrix for adhesion, offered by Yantai Huaxing
Towel Co., Ltd. China, with a thickness of 0.20 cm and a density of 0.25 g/cm3 . Before
adhesion assays, the cotton towel was cut into rectangular chips (4x2 cm), cleaned by
soaking in a boiling water bath for 30 min and then dried. 2,3,5-Triphenyl-2H-tetrazolium
chloride (TTC) was obtained from Aldrich Chemical Co., WI, USA. Other chemicals of
analytical grade were obtained from standard sources.

Strain and Cultivation Conditions

The C. tyrobutyricum ATCC 25755 used herein was isolated from our previous study
with crude cane molasses as the available carbon source [20] and stored at 4 °C. The
synthetic medium used for the microorganism culture contained (per liter of distilled
water): 30 g of glucose, 5 g of yeast extract, 5 g of peptone, 3 g of (NH4)>SOy4, 0.6 g
of MgSQO,4-7H,0, 0.03 g of FeSO4-7H,0. The cultivation conditions were 37 °C, pH 6.0,
and anaerobiosis was kept by sparging the medium with N, before inoculation.

The fermentation system consisted of a 5-L stirred-tank fermentor (B. Braun, B.
Braun Biotech International, Melsungen, Germany) connected to a 0.5-L fibrous bed
bioreactor.
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The synthetic medium mentioned above was totally added into the fermentor at the
beginning of the bioreactor setup. Details about the conventional bioreactor setup have been
given elsewhere [21]. When the glucose concentration in the fermentation broth decreased
to zero, the cells in the fibrous matrix were washed off by vortexing the cotton towel in
sterile potassium phosphate buffer (0.1 M, pH 6.0) under anaerobic conditions. The washed
buffer containing the cells was collected at 4 °C for further assay.

Adsorption Experiments

The experiments were conducted to study the adsorption of C. tyrobutyricum cells into a
cotton towel. The immobilized cells in the FBB were removed from the fibrous matrix by
vortexing the matrix in sterile distilled water under anaerobic conditions. Unless otherwise
stated, the microbial cells were harvested in the stationary phase from the cell fermentation
broth, separated by centrifugation for 10 min at 8,400xg at 4 °C, washed twice and
resuspended in a potassium phosphate buffer (0.1 M, pH 6.0) to obtain an initial ODg of
0.7-0.9. A dry cotton piece was soaked in the cell suspension (volume, 100 mL) in a
500-mL serum bottle with gentle shaking (150 rpm) on a shaker at room temperature. The
experiments were conducted for approximately 5 to 6 h until the cell concentration in the
suspension did not change. To study the effect of the different growth phase on cell adhesion,
the cells were harvested in the early log phase, mid-log phase, and stationary phase,
respectively. In the pH effect experiment, the cells were suspended in 0.1 M potassium
phosphate buffer over a wide range of pH (3.0 to 7.0). Ionic strength experiments were carried
out in the phosphate buffer (pH 6.0) with different NaCl concentrations from 0.01 to 0.5 M. In
the ionic species experiment, seven different ionic species including NaCl, KCl, CaCl,, MgCl,,
MnSOQO,, and Aly(SO,4); with the concentrations of 0.01 and 0.1 M, respectively, were added
into a modified Morita salt solution (MMSS) as adhesion media for cells. MMSS
contained 2.6 g L' of NaCl, 0.56 g L™ of MgCI2:6H,0, 0.76 g L' of MgS0,-7H,0,
and 0.15 g L' of CaCl,-2H,0 [22]. To study the influence of the medium composition,
the five media were as follows: the MMSS solution as the control, the MMSS with
30 g L' glucose, the MMSS with 10 g L' yeast extract, the MMSS with 30 g L™
butyrate, and the MMSS with 10 g L' cane molasses. All these solutions were adjusted
to pH 6.0 with either H,SO, or NaOH (0.1 M). The amount of attached cells were
indirectly estimated by measuring the decrease of ODgoo using a spectrophotometer
(Ultrospec 3300 pro, Amersham Pharmacia Biotech, Cambridge, UK). One unit of ODgq
was equivalent to 0.68 g L' cell dry weight for C. tyrobutyricum. All the adsorption
experiments were conducted in an anaerobic chamber.

Cell Viability Assay

The viability of the cells was measured by the TTC method previously described by
Suwannakham and Yang [2]. Briefly, TTC was added to the cell suspension to give a final
concentration of 0.1% (w/v). The cell suspension was incubated at room temperature for
30 min and centrifuged (12,000xg, 10 min, 4 °C). The cell pellet was collected and then
suspended in methanol to extract the pink color. The absorbance of the methanol extract at
485 nm, which is proportional to the viable cell number, was measured with a
spectrophotometer. The amount of 1 mg of active cells was correspondent to an absorbance
of 0.242 at 485 nm. The cell viability (percent) was expressed with cells cultured in serum
bottles and harvested in the exponential phase as the control with 100% viability.
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Scanning Electron Mircoscopy

After the incubation period, several small pieces of the fibrous material were taken as
samples from the drained fibrous matrix and rinsed three times in 0.1 M potassium
phosphate buffer to remove the unattached cells. These samples were immersed in 2.5%
glutaraldehyde solution for 2 h and then rinsed completely with double-distilled water.

The samples were gradually dehydrated with 20—100% ethanol in increments of 10% by
holding the samples at each concentration for 30 min. The fibers were then air-dried and
coated with gold before being observed with a JSM-6390 scanning electron microscope
(JEOL, Japan).

Results and Discussion
Effect of Growth Phase on Adhesion

Usually, the greater hydrophobicity of cells and support causes greater attractive forces,
resulting in a higher degree of adhesion [23]. It has been found that the hydrophobicity in
the different phases of Pseudomonas fluorescens cells was dissimilar [24], and nutrient
starvation could enhance yeast immobilization onto the glass fibers [25]. Therefore, the
growth phase has a large influence on cell-support adhesion. In the preliminary experiment,
it was found that the initial cell concentration did not affect the adhesion rate; however, cell
loading, which indicates the maximum amount of cells adsorbed, was dependent on the
initial cell concentration. Consequently, for comparison, all experiments for the cells were
carried out at the same initial cell concentration (ODggq of 0.7-0.9). In this work, C.
tyrobutyricum cells were harvested after culturing for 24, 36, and 48 h, that is, in the period
of the early log phase, mid-log phase, and stationary phase, respectively. As shown in
Fig. 1, adhesion of the cells was closely related to the growth phase, as adhesion increased
with cell age. Obviously, older cells in the stationary phase were more capable of adhesion
into the fibrous matrix, which was 4.65- and 1.33-fold higher amount of cells than those in
the early- and mid-log phase, respectively (19.31 vs. 4.15 and 14.48 mg cells per gram of
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Fig. 1 Effect of growth phase on cell adhesion into fibrous matrix in a potassium phosphate buffer (0.1 M,
pH 6.0)
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fiber). Changes in cell surface hydrophobicity, as well as the charge and amino groups for
chemical bonding might give reasons for the enhanced cell-support adhesion [26].

Effect of pH on Adhesion

Many investigations into the physicochemical forces between the bacteria and the support
have also shown the involvement of electrostatic interactions [27-29]. To evaluate the
significance of electrostatic interactions, the effect of pH on cell-support adhesion was
tested. Potassium phosphate buffer (0.1 M) at different pHs from 3.0 to 7.0 was conducted
for the pH effect study (Fig. 2). On the whole, cell loading into fibrous matrix was pH
dependent, increasing with decreasing pH in the range studied. Changes in pH between 5.0
and 7.0 had little effect but below pH 5.0 there was an obvious increase in adhesion,
especially more remarkable when the pH decreased from 4.0 to 3.0. The maximum
adhesion amount was up to 30.50 mg cells per gram of fiber at pH 3.0. It has been reported
that most bacteria have a net negative charge, as do most solid surfaces [29, 30]. The excess
surface charges lead to the formation of a solvation layer surrounding the bacteria, which
will enhance the stability of the cells in the liquid phase and inhibit their approach to the
solid surface with the same charge [31]. This electrostatic repulsion between cells and
support surface can be reduced by pH control. At low pH values, the surface of the cells
was less negatively charged due to the deprotonation decrease of various chemical groups,
e.g., carboxyl (COO"), phosphate (PO4>") and amine groups (COO"), and proteins, etc.
[32]. This should result in a decreased electrostatic repulsion and enhanced adhesion
between the bacteria and the support.

Effect of Tonic Strength on Adhesion

The ionic strength of the medium is another important factor affecting the electrostatic
interactions. The dependence of the adhesion on the ionic strength was illustrated in
Fig. 3. The concentration of NaCl in the adhesion medium from 0.01 to 0.1 M caused a
steeper slope of the bacteria adhesion, while a further increase of ionic strength from 0.1
to 0.5 M resulted in a slight increase in the adhesion of C. tyrobutyricum cells, and the
maximum adhesion amount was found to be 23.50 mg cells per gram of fiber at 0.5 M
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Fig. 2 Effect of pH on cell adhesion into fibrous matrix in 0.1 M potassium phosphate buffer
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Fig. 3 Effect of ionic strength on cell adhesion into fibrous matrix in a potassium phosphate buffer (0.1 M,
pH 6.0)

NaCl. A similar phenomenon was observed with the adsorption experiments conducted
by previous reporters with other bacteria [33-35]. These observations might be
quantitatively described by the extended Derjaguin and Landau, Verwey and Overbeek
(DLVO) theory [36]. According to the extended DLVO theory, an increase in ionic
strength reduces repulsive electrostatic forces, allows bacteria to approach closer to the
support, and consequently facilitates adhesion through the action of attractive Lifshitz-van der
Waals and Lewis acid-base forces. However, this result was contradictory to some of
the results reported in other studies, which indicated that low ionic strength promoted
cell adhesion and high salt concentration inhibited adhesion or there was no apparent
relationship between electrolyte concentration and adhesion [30, 37, 38]. It is suggested
that, under the experimental conditions, a high ionic strength might reduce repulsive
electrostatic forces, allow bacteria to approach closer to the surface, and consequently
facilitate adhesion through the action of attractive Lifshitz-van der Waals and Lewis
acid—base forces.

Effect of Tonic Species on Adhesion

It was reported by our previous study that crude cane molasses, one of the industrial
grade raw materials, which had been successfully exploited for butyric acid
production, contained a specified amount of metal ions such as calcium, potassium,
sodium, iron, magnesium, copper, etc. [20]. The following experiment was employed
to clarify the relationship between electrolyte valency of inorganic salt and adhesion.
The results presented in Table 1 showed that the behavior of C. tyrobutyricum adhesion
was different when using various kinds of cations, but this did not seem significant.
Indeed, the adhesion increased slightly with the increasing ionic strengths (from 0.01 to
0.1 M), whether the adhesion occurred in various salt solutions containing monovalent
(sodium, potassium) or divalent (calcium, magnesium, manganese). The average
increment came up to 10.0-30.2% in 0.01 M electrolyte and 13.2-21.9% in 0.1 M
electrolyte compared to the control, respectively. However, the adhesion of C.
tyrobutyricum was reduced in the presence of AI’" cations, decreasing by 3.0%
(0.01 M) and 0.7% (0.1 M), respectively. It was also reported by Marshall et al. [31]
that adhesion of a marine pseudomonad to glass decreased in the presence of trivalent
cations (A1°", La*").
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Table 1 Effect of ion species

on cell adsorption into fibrous Suspending liquid
matrix in a modified Morita
salt solution (pH 6.0) Ton Concentration (M) Adhesion bacteria
(mg cells per gram of fiber)
Control 0.01 15.23+2.00
0.1 20.12+0.69
NaCl 0.01 18.60+0.74
0.1 23.89+0.13
KCl 0.01 18.84+0.99
0.1 23.69+1.72
MgCl, 0.01 19.44+1.84
0.1 24.53+2.82
CaCl, 0.01 19.83+1.24
0.1 22.78+1.70
MnSOy4 0.01 16.75+0.71
0.1 24.04+0.64
AL(SO,)s 0.01 14.78+0.56
0.1 18.65+0.20

Effect of the Media Composition on Adhesion

As the influence of media compositions under industrial conditions on the adhesion
between cells and fibrous matrix was complex, especially with crude cane molasses as
the carbon source, therefore, the main component in the medium was listed separately
with the MMSS solution as the control. As can be seen in Fig. 4, the medium
composition had a significant effect on the adhesion of C. fyrobutyricum into the
fibrous matrix. The MMSS solution with 30 g L™ glucose-enhanced cell adhesion rate
compared with the control. Bar et al. [39] have pointed out that an affinity of glucose
molecules to the cell wall might cause a screening of the electrical change, which
might reduce the electrostatic repulsion between cells and fibrous matrix, but the cell
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Fig. 4 Effect of media compositions on cell adhesion into fibrous matrix. The details of each media composition

were as follows: the MMSS solution as the control, the MMSS with 30 g L' glucose, the MMSS with 10 g L™
yeast extract, the MMSS with 30 g L™! butyrate, the MMSS with 10 g L™! cane molasses
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loading in this medium was not the highest. The adhesion bacteria was found to be
maximal in the medium containing 10 g L' crude cane molasses, which was probably
due to the high level of ionic strength. However, the addition of yeast extract interfered
with cell adhesion as shown by the lower cell loading. It might be a result of the
competitive adhesion of amino acids and peptides, which is a composition of yeast
extracts. As expected, a further decrease in cell adhesion was observed with 30 g L' of
butyrate, that means that separation of butyrate from the FBB system was a good choice
not only for prevention of product inhibition, but also for better cell immobilization. In
this case, at the end of the fermentation broth, glucose was absent and some yeast extract
and other unknown compositions were present which might have an inhibitory effect on
cell adhesion.

Optimization of the Cell Immobilization Process

Based on the aforementioned results of cell adsorption, a new strategy for improving the
performance of the FBB was developed with the optimization of the cell immobilization
procedure in the process of bioreactor setup. The initial glucose concentration in the
fermentation medium herein was reduced, from 30 to 15 g L', yet the concentrations of the
three mineral salts were all doubled (see “Materials and Methods”). After the inoculation of
approximately 150 mL of cell suspension into the fermentor, the strains were allowed to
grow until the cell concentration reached approximately 7.0 g L', which indicated that the
cells were in the stationary phase, and then the cell immobilization was carried out. During
the 2-day immobilization procedure, another 15 g L ™" of glucose was continuously feeding
by pump with the residual glucose levels remained above zero. Both adhesion amount and
relative viability of cells immobilized into the fibrous matrix were measured comparing the
optimized immobilization method with no optimization (see “Materials and Methods™). As
shown in Table 2, immobilized cells in the fibrous matrix after optimization was much more
than those before optimization, increasing by 43.8% (168.6+15.60 vs. 117.2+10.45 mg
cells per gram of fiber), as well as the increasing of the cell viability, from 70.3% before to
77.9% after optimization. Table 2 also showed a higher butyric acid concentration (10.83+
0.31 vs. 9.05+0.23 g L") and a lower acetic acid concentration (2.11+0.45 vs. 3.10+
0.10 g L") produced after optimization. Furthermore, as can be seen in the scanning
electron micrographs, the cells scattered on the fiber surface before the optimization of the
cell immobilization procedure (Fig. 5a), after which, the cells formed a large amount of

Table 2 Comparison of cell immobilization and acid production before and after the optimization of the
process of bioreactor setup

Before optimization After optimization

Cell immobilization

Cell adhesion (mg cells per gram of fiber) 117.2+10.45 168.6+15.60

Cell relative viability (%) 70.3 +4.32 77.9+5.41
Acid production

Butyric acid concentration (g L") 9.05+0.23 10.83+0.31

Butyric acid yield (g g ") 0.30+0.03 0.36+0.02

Acetic acid concentration (g L") 3.10+0.10 2.11+0.45

Acetic acid yield (g g ") 0.10+0.012 0.06+0.010

BJ/A ratio (g g ') 2.92+0.50 5.13+0.49
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Fig. 5 Scanning electron
micrographs of C. tyrobutyricum
cells adhering to cellulose

fibers before (a) and after

(b) optimization

15kV X3,000 Sum

15kV  X3,000 Spm

clumps and present almost full in the void space of the porous fibrous matrix (Fig. 5b).
These results allowed verification that more viable cells were likely to be immobilized into
the fibrous matrix when extending the culture age and increasing the ionic strength of the
medium. The two-stage glucose supply control strategy could not only present the glucose
during the whole immobilization process, but also postpone the accumulation of butyrate,
which both benefit the cell adhesion.

Conclusions

The different characteristics of cells and environmental conditions can greatly affect cell
adhesion. In general, the cells harvested at the stationary phase were more capable of
adhering to the support than those from early- or mid-log phase. The relatively low pH
value and high ionic strength of the medium could enhance the adsorption behavior of
microorganisms because of electrostatic repulsion reduction between cells and support
surface. However, there was no apparent relationship between ionic species and adhesion.
Furthermore, the addition of cane molasses and glucose to the medium increased the
adhesion while the presence of yeast extract and butyrate decreased the adhesion.
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Consequently, these factors were taken into consideration in the optimization of bacteria
immobilization in the process of FBB setup with a two-stage glucose supply control
strategy and resulted in the marked increase in the amount of adsorbed cells (by 43.8%) as
well as the cell viability (by 10.8%). These results suggest that cell immobilization in the
FBB can be controlled to achieve an optimal viable cell density, further enhance the reactor
productivity and long-term stability.

Acknowledgments This work was supported by the National High Technology Research and Development
Program of China (2009AA02Z206) and the National Basic Research Program of China (2009CB724700),
the Ministry of Science and Technology, China, and the Key Program of the National Natural Science
Foundation of China (no. 20936002).

References

1. Yang, S.T. (1996). Extractive fermentation using convoluted fibrous bed bioreactor useful for converting
sugars into organic acids and their salts, US Patent 5,563,069-A.

2. Suwannakham, S., & Yang, S. T. (2005). Enhanced propionic acid fermentation by Propionibacterium
acidipropionici mutant obtained by adaptation in a fibrous-bed bioreactor. Biotechnology and
Bioengineering, 91, 325-337.

3. Hayashi, H., Ono, M., Tsuneda, S., et al. (2002). Three-dimensional immobilization of bacterial cells
with a fibrous network and its application in a high-rate fixed-bed nitrifying bioreactor. Journal of
Chemical Engineering Japan, 35, 68-75.

4. Zhu, Y., & Yang, S. T. (2003). Adaptation of Clostridium tyrobutyricum for enhanced tolerance to
butyric acid in a fibrous-bed bioreactor. Biotechnology Progress, 19, 365-372.

5. Huang, Y. L., Mann, K., Novak, J. M., et al. (1998). Acetic acid production from fructose by Clostridium
formicoaceticum immobilized in a fibrous-bed bioreactor. Biotechnology Progress, 14, 800—806.

6. Tay, A., & Yang, S. T. (2002). Production of L(+)-lactic acid from glucose and starch by immobilized cells of
Rhizopus oryzae in a rotating fibrous bed bioreactor. Biotechnology and Bioengineering, 80, 1-12.

7. Zhang, A., & Yang, S. T. (2009). Engineering Propionibacterium acidipropionici for enhanced propionic
acid tolerance and fermentation. Biotechnology and Bioengineering, 104, 766—773.

8. Bai, Y. L., & Yang, S. T. (2005). Biotransformation of R-2-hydroxy-4-phenylbutyric acid by D-lactate
dehydrogenase and Candida boidinii cells containing formate dehydrogenase coimmobilized in a fibrous
bed bioreactor. Biotechnology and Bioengineering, 92, 137-146.

9. Kilonzo, P., Margaritis, A., & Bergougnou, M. (2009). Airlift-driven fibrous-bed bioreactor for
continuous production of glucoamylase using immobilized recombinant yeast cells. Journal of
Biotechnology, 143, 60—68.

10. Yang, S. T., Lo, Y. M., & Min, D. B. (1996). Xanthan gum fermentation by Xanthomonas campestris
immobilized in a novel centrifugal fibrous-bed bioreactor. Biotechnology Progress, 12, 630—637.

11. Chen, C. N., Huang, Y. L., & Yang, S. T. (2002). A fibrous-bed bioreactor for continuous production of
developmental endothelial locus-1 by osteosarcoma cells. Journal of Biotechnology, 97, 23-39.

12. Ouyang, A., & Yang, S. T. (2008). A two-stage perfusion fibrous bed bioreactor system for mass
production of embryonic stem cells. Expert Opinion on Biological Therapy, 8, 895-909.

13. Yang, S. T., & Shu, C. H. (1996). Kinetics and stability of GM-CSF production by recombinant yeast
cells immobilized in a fibrous-bed bioreactor. Biotechnology Progress, 12, 449—456.

14. Chen, J. P,, & Lin, T. C. (2006). High-density culture of hepatocytes in a packed-bed bioreactor using a
fibrous scatfold from plant. Biochemical Engineering Journal, 30, 192—198.

15. Zhu, H., & Yang, S. T. (2004). Long-term continuous production of monoclonal antibody by hybridoma
cells immobilized in a fibrous-bed bioreactor. Cytotechnology, 44, 1-14.

16. Chen, J., Chen, H. M., Zhu, X. C., et al. (2009). Long-term production of soluble human Fas ligand
through immobilization of Dictyostelium discoideum in a fibrous bed bioreactor. Applied Microbiology
and Biotechnology, 82, 241-248.

@ Springer



108 Appl Biochem Biotechnol (2011) 165:98—108

17. Huang, Y. L., Wu, Z. T., Zhang, L. K., et al. (2002). Production of carboxylic acids from
hydrolyzed corn meal by immobilized cell fermentation in a fibrous-bed bioreactor. Bioresource
Technology, 82, 51-59.

18. Liu, X. G., & Yang, S. T. (2006). Kinetics of butyric acid fermentation of glucose and xylose by
Clostridium tyrobutyricum wild type and mutant. Process Biochemistry, 41, 801-808.

19. Zhu, Y., Wu, Z. T., & Yang, S. T. (2002). Butyric acid production from acid hydrolysate of corn fibre by
Clostridium tyrobutyricum in a fibrous-bed bioreactor. Process Biochemistry, 38, 657-666.

20. Jiang, L., Wang, J. F., Liang, S. Z., et al. (2009). Butyric acid fermentation in a fibrous bed bioreactor
with immobilized Clostridium tyrobutyricum from cane molasses. Bioresource Technology, 100, 3403—
3409.

21. Jiang, L., Wang, J. F., Liang, S. Z., et al. (2010). Production of butyric acid from glucose and xylose with
immobilized cells of Clostridium tyrobutyricum in a fibrous-bed bioreactor. Applied Biochemistry and
Biotechnology, 160, 350-359.

22. Humphrey, B., Kjelleberg, S., & Marshall, K. C. (1983). Responses of marine bacteria under starvation
conditions at a solid—water interface. Applied and Environmental Microbiology, 45, 43-47.

23. Rosenberg, M. (1991). Basic and applied aspects of microbial adhesion at the hydrocarbon: water
interface. Critical Reviews in Microbiology, 18, 159-173.

24. Jana, T. K., Srivastava, A. K., Csery, K., et al. (2000). Influence of growth and environmental conditions
on cell surface hydrophobicity of Pseudomonas fluorescens in non-specific adhesion. Canadian Journal
of Microbiology, 46, 28-317.

25. Bringi, V., & Dale, B. E. (1985). Enhanced yeast immobilization by nutrient starvation. Biotechnology
Letters, 7, 905-908.

26. Merritt, K., & An, Y. H. (2000). Factors influencing bacterial adhesion. In Y. H. An & R. J. Friedman
(Eds.), Handbook of bacterial adhesion: principles, methods, and applications. Totowa: Humana Press
Inc.

27. Briandet, R., Meylheuc, T., Maher, C., et al. (1999). Listeria monocytogenes Scott A: cell surface charge,
hydrophobicity, and electron donor and acceptor characteristics under different environmental growth
conditions. Applied and Environmental Microbiology, 65, 5328-5333.

28. Liu, X. M., Sheng, G. P., Wang, J., et al. (2008). Quantifying the surface characteristics and flocculability
of Ralstonia eutropha. Applied Microbiology and Biotechnology, 79, 187—194.

29. Rochex, A., Lecouturier, D., Pezron, ., et al. (2004). Adhesion of a Pseudomonas putida strain isolated
from a paper machine to cellulose fibers. Applied Microbiology and Biotechnology, 65, 727-733.

30. McEldowney, S., & Fletcher, M. (1986). Variability of the influence of physicochemical factors affecting
bacterial adhesion to polystyrene substrata. Applied and Environmental Microbiology, 52, 460—465.

31. Marshall, K. C., Stout, R., & Mitchell, R. (1971). Mechanism of the initial events in the sorption of
marine bacteria to surfaces. Journal of General Microbiology, 68, 337-348.

32. Rijnaarts, H. H. M., Norde, W., Lyklema, J., et al. (1995). The isoelectric point of bacteria as an indicator
for the presence of cell surface polymers that inhibit adhesion. Colloid and Surfaces B: Biointerfaces, 4,
191-197.

33. Abu-Lail, N. I., & Camesano, T. A. (2003). Role of ionic strength on the relationship of biopolymer
conformation, DLVO contributions, and steric interactions to bioadhesion of Pseudomonas putida
KT2442. Biomacromolecules, 4, 1000-1012.

34. Gong, J. H., & Forsberg, C. W. (1989). Factors affecting adhesion of Fibrobacter succinogenes subsp.
succinogenes S85 and adherence-defective mutants to cellulose. Applied and Environmental Microbiology,
55, 3039-3044.

35. Liu, Y. (1995). Adhesion kinetics of nitrifying bacteria on various thermoplastic supports. Colloid and
Surfaces B: Biointerfaces, 5, 213-219.

36. Vanoss, C. J. (1993). Acid-base interfacial interactions in aqueous media. Colloids and Surfaces. A:
Physicochemical and Engineering Aspects, 78, 1-49.

37. Otto, K., Elwing, H., & Hermansson, M. (1999). Effect of ionic strength on initial interactions of
Escherichia coli with surfaces, studied on-line by a novel quartz crystal microbalance technique. Journal
of Bacteriology, 181, 5210-5218.

38. Yee, N., Fein, J. B., & Daughney, C. J. (2000). Experimental study of the pH, ionic strength, and
reversibility behavior of bacteria-mineral adsorption. Geochimica et Cosmochimica Acta, 64, 609-617.

39. Bar, R., Gainer, J. L., & Kirwan, D. J. (1987). Ethanol fermentation by ionically adsorbed Zymomonas
mobilis: environmental effects on cell immobilization. Biotechnology and Bioengineering, 29, 1045—
1049.

@ Springer



	Control and Optimization of Clostridium tyrobutyricum ATCC 25755 Adhesion into Fibrous Matrix in a Fibrous Bed Bioreactor
	Abstract
	Introduction
	Materials and Methods
	Materials
	Strain and Cultivation Conditions
	Adsorption Experiments
	Cell Viability Assay
	Scanning Electron Mircoscopy

	Results and Discussion
	Effect of Growth Phase on Adhesion
	Effect of pH on Adhesion
	Effect of Ionic Strength on Adhesion
	Effect of Ionic Species on Adhesion
	Effect of the Media Composition on Adhesion
	Optimization of the Cell Immobilization Process

	Conclusions
	References


