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Immobilisation of yeast cells on carbon nanotubes
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Carbon nanotubes are increasingly finding application in a wide range of industries. The focus 
of this study was to investigate the immobilisation of yeast cells onto carbon nanotubes, using 
a flocculation method, for possible use in fermentation processes. Carbon nanotubes, which 
are long thin cylinders of carbon, were used as artificial agents to induce flocculation of yeast 
cells. The immobilisation experiments on carbon nanotubes were conducted under different 
process conditions and compared with control experiments done on free cells. The resultant 
immobilised cells or flocs were recovered and freeze dried before analysis was performed. 
The flocculated cells were characterised by scanning electron microscopy to confirm that 
flocculation had occurred. Conditions that gave optimum flocculation on carbon nanotubes 
were found to be: a pH between 5.0 and 5.8, a temperature between 25 °C and 30 °C, an 
agitation speed of about 110 rpm, and a concentration of carbon nanotubes (in powder form) 
of between 44 mg/mL and 54 mg/mL. The addition of calcium ions and glucose decreased the 
rate of flocculation and delayed the onset of flocculation. Our study has demonstrated that 
carbon nanotubes have great potential to improve the flocculation capacity of brewer’s yeast.
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Introduction
There are numerous biotechnological processes that make use of immobilisation techniques 
to manipulate cells. These techniques can be divided into four major categories based on the 
physical mechanism at play in bringing about the immobilisation of the cells. These categories 
are (1) attachment or adsorption on solid carrier surfaces, (2) entrapment within a porous matrix, 
(3) natural aggregation by flocculation, and (4) artificially induced cross-linking by agents and/
or cell containment behind barriers.1 Amongst the available yeast cell immobilisation techniques, 
the flocculation of microorganisms is very attractive, because of its simplicity and low cost. 
Flocculation does not involve any complex and costly mechanical devices or any supporting 
material in its operation, which represents a significant advantage over other immobilisation 
techniques.2

Flocculation is defined as the phenomenon of loose aggregation of free yeast cells as a result of 
random collisions by Brownian motion. The cell aggregates then rapidly settle from the medium 
in which they are suspended because of their increased mass.3 A typical example is the yeast cells 
flocculation that occurs at the end of a fermentation process in the stationary phase, where the 
flocculated cells either sink to the bottom of the fermenter or rise to the surface attached to carbon 
dioxide bubbles. Flocculation can also be induced by an artificial agent to increase the efficiency 
of the process and/or lower the overall process cost. 

Carbon nanotubes (CNTs), which are widely used for catalysis, either as catalysts themselves, 
or as a catalyst support,4 were tested in this work as possible flocculation surfaces to immobilise 
brewer’s yeast. Immobilisation often mimics what occurs in nature when cells grow on surfaces 
or within natural structures. Many microorganisms, including yeast cells, have the ability to 
adhere to and form a biofilm on different kinds of surfaces in nature.5 Multiwalled CNTs are 
relatively affordable materials, making them an attractive option as artificial flocculation agents.6

In fermentation, flocculation commonly occurs when the sources of fermentable sugars are 
exhausted. It has been suggested that, under such starvation conditions, the ability to form flocs 
may represent a stress response. Thus flocs provide a sheltered environment where the chance 
of survival of the population is enhanced. Disaggregation of flocs occurs if the cells are again 
exposed to a source of fermentable sugars. In this case, the re-adsorption of a single cell mode 
affords an unimpeded opportunity to utilise the supply of sugar.7

Live yeast cells have an intracellular negative charge because of the presence of a transmembrane 
potential and they can be attracted to cations or positively charged substances. However, dead 
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cells, which have leaky membranes and cannot build a 
membrane potential, are not negatively charged and cannot 
be attracted to positively charged substances.8 In other 
words, during flocculation using positively charged CNTs, 
dead yeast cells cannot be attracted to CNTs and therefore 
cannot be flocculated by them.

This flocculation process can be applied in the ethanol 
industry to remove the suspended yeast cells after the 
fermentation process to reduce the turnaround time for the 
process.

Materials and methods
Microorganisms
Yeast cells were grown in a 500-mL flask held on a rotary 
shaking incubator working at 110 ± 2 revolutions per minute 
for 24 h. A rubber cork was used to cover the mouth of 
the flask throughout the experiment and temperature was 
maintained at 30 ± 0.5 °C.9,10

Growth curves were investigated for stationary phase and 
showed that the yeast cell concentrations were on average 
65.75 x 106 colony forming units (CFU)/mL after growth and 
62.63 x 106 CFU/mL on average before flocculation. The cells 
were freeze dried for later analysis and viability tests were 
performed.

Medium
Yeast extract (Merck, Johannesburg, South Africa) with 
additives was used as the medium for cell nutrition. The 
medium was sterilised at 121 °C and 1.1 bars in an autoclave 
for 20 min. The pH of the medium was 6.90 and was adjusted 
by addition of an acid to within fermentation pH range of 
between 4.00 and 6.00 before immobilisation experiments 
were resumed. Tests were also carried out at lower pH values 
(less than 4.00).

Carbon nanotubes
Carbon nanotubes were produced as reported in 
earlier work11 and their structure was confirmed by 
transmission electron microscopy (JEOL JEM 100S, Akishima, 
Tokyo, Japan).

Cell immobilisation
Yeast cell immobilisation was performed with CNTs whilst a 
control experiment was set up using yeast cells in the absence 
of CNTs. A colony of yeast was added to an Erlenmeyer flask 
containing 100 mL of sterilised medium and incubated in a 
shaker at 110 rpm and 30 °C for 24 h. After 24 h the yeast cells 
were used for immobilisation studies. Yeast broth (30 mL of 
7.04 x 106 CFU/mL) was added to 250 mL of medium and 
incubated in a shaking incubator under the same conditions.12

Peinado et al.13 conducted immobilisation studies at 28 °C 
and 150 rpm for 7 days and were successful in producing 
yeast biocapsules. Sakurai et al.14 used conditions of 30 °C and 
160 rpm during immobilisation studies of yeast cells 

on porous cellulose carriers. Öztop et al.15 immobilised 
Saccharomyces cerevisiae onto acrylamide–sodium acrylate 
hydrogels at 30 °C for 72 h.

Analytical methods
Yeast flocculation was analysed using two methods: a 
qualitative process to determine the quality of the flocs 
produced and a quantitative process to measure the 
flocculation weight. The first method was used to estimate 
the flocculation quality visually by looking at the sides and 
at the base of the Erlenmeyer flask. Flocculation was thus 
expressed qualitatively as: (-) no flocculation, (+) yeast 
slightly flocculent (poor), (++) yeast flocculent or (+++) yeast 
very flocculent.16,17,18 The second method – a quantitative 
method – involved the use of a centrifuge to concentrate 
the flocs, which were then recovered and dried at 40 °C for 
24 h to determine their dry weight. The flocculated cells 
were recovered by a freeze dryer (VirTis, SP Industries, 
Warminster, PA, USA) and immobilisation was confirmed 
by scanning electron microscopy (JEOL JSM 840A, Akishima, 
Tokyo, Japan). The floc weight was then plotted against the 
variables under investigation to determine the effect of the 
respective variable on flocculation.

Results and discussion
Immobilisation of yeast cells
Figure 1 shows scanning electron micrographs of the 
immobilised cells or the flocculated yeast cells on the CNTs. 
The micrographs demonstrate that the immobilised yeast 
cells aligned themselves along the length of the CNTs. 
By comparing Figures 1c and 1d (which have the same 
magnification), it can be seen that the diameters of the 
CNTs increase when they are immobilised with yeast cells, 
that is, yeast cells are aligned along the length of the CNTs. 
This phenomenon was observed in all experiments where 
immobilisation was performed with CNTs. In contrast, free 
cells showed more planar flocculation structures, as seen 
in the micrograph in Figure 2. The free cells aligned on the 
surface forming a planar structure. 

A number of factors which could affect the flocculation of 
yeast cells were investigated, for flocculation in the presence 
of CNTs and for free cell flocculation. These factors were: 
pH, temperature, concentration of CNTs, concentration of 
calcium ions, glucose and agitation speed.

Effect of pH
The study was conducted in the pH range of 1.30–6.50, which 
falls within the range used in fermentation processes (the 
target processes for these immobilised cells). The effects of 
pH are summarised in Figure 3.

From Figure 3, it can be observed that the optimum pH 
for yeast flocculation was between 4.60 and 6.00 for both 
immobilisation on CNTs and flocculation of free cells. In 
this pH range, the floc weight obtained using CNTs was 
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considerably higher than that obtained using free cells. 
This optimum pH range is close to the brewing pH range of 
3.80–5.60 as reported in the literature.18,19,20,21,22,23 Above a pH 
of 6.00, the dry floc weight in both cases decreased rapidly 
until a pH of 6.25, before it increased slightly.

Flocculation became weak beyond a pH of 6.10; this finding 
could be as a result of the fact that yeast cells generally reverse 
their charge above a pH of 5.80. In aqueous suspensions, at 
the pH values of worts and beers (3.80–5.60), brewer’s yeast 
cells migrate to the anode in electrophoresis experiments, 
thus behaving as negatively charged colloids. At more acidic 
pH values, reversal of the charge may take place,18 which 
may help to explain the decrease in flocculation weight at a 
pH below 4.60 and above 5.80, as was observed in this study. 
The fact that CNTs were able to flocculate yeast cells within 
the mentioned pH range showed that the CNTs are positively 
charged and repel the cells when the cells have a positive 
charge because of a change in pH. According to the literature, 
yeast cells should flocculate anywhere between a pH of 2.00 
and 8.00, depending on the strain, with optimum flocculation 
occurring at a pH between 3.00 and 6.00. Our study showed 
similar results, with flocculation observed at a pH between 
5.00 and 5.80. At low pH values (2.90–4.00), the cells might 
have been denatured, resulting in poor flocculation.19,24

Effect of immobilisation temperature
There is an apparent contradiction in the literature about the 
effect of temperature on flocculation: some authors report de-
flocculation with increasing temperature while others report 
an increase in flocculation with increasing temperature. This 
discrepancy may be attributed to differences in the response 
of ale and lager strains.25 Jin et al.20,21 found that flocculation 
of a lager yeast strain varied from 24.1% at 5 °C to 66.8% 
at 25 °C, that is, that flocculation increased as temperature 
increased. However, there is little or no effect of temperature 
on the flocculation of brewer’s yeast within the physiological 
temperature range of 15 °C – 32 °C.19

Most brewing strains have an optimum temperature for 
growth that is between 30 °C and 34 °C,7,19,26 with viability 
losses during flocculation at 30 °C for 3 days considered 
negligible.27 Yeast autolysis normally occurs at elevated 
temperatures of between 40 °C and 60 °C.27,28,29,30 In this study, 
the effect of temperature on flocculation was investigated at 
25 °C and 30 °C and the results are presented in Table 1.

Table 1 indicates that the ideal temperature for 
flocculation using CNTs was close to 30 °C. That is, the 
weight of the floc produced at 30 °C was significantly greater 

        IRC 1.2kV 2.7mm x50.0k SE(M) 8/19/2004                                                     1.00um

a b

c d

FIGURE 1: Scanning electron micrographs showing brewer’s yeast flocculated by carbon nanotubes: (a) x1600, (b) x3300, (c) x5000 and (d) x50 000.
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(0.143 ± 0.007 g) than that produced at 25 °C (0.043 ± 
0.013 g). In the absence of CNTs, flocculation weight was 
almost the same (i.e. 0.124 ± 0.010 g at 25 °C compared with 
0.123 ± 0.005 g at 30 °C). Öztop et al.24 found the optimum 
temperature for immobilisation of yeast cells on a chitosan 
film to be 25 °C.

Similarly to our results which showed an increase in 
flocculation with an increase in temperature, Jin et al.20,21 and 
Hsu et al.31 also observed an increase in flocculation with an 
increase in temperature from 5 °C to 45 °C. 

Effect of carbon nanotube concentration
Different concentrations (from 0 mg/mL to 72 mg/mL) of 
CNTs were added to the broth containing yeast cells and 
culture medium to investigate the effect of concentration of 
CNTs on flocculation. Table 2 and Figure 4 show the change 
in floc weight and quality observed with a change in CNT 
concentration.

There was a general increase in floc weight with an increase 
in CNT concentration, with a peak at a CNT concentration 
of about 53 mg/mL. Increases in CNT concentration beyond 
53.57 mg/mL caused a decrease in the floc weight, showing a 
negative effect of CNT concentration on flocculation beyond 
a certain concentration threshold. From concentrations of 
0 mg/mL to 35.71 mg/mL, there was a negligible gain in 
floc weight (0.013 g). Increasing the CNT concentration to 
53.57 mg/mL resulted in a gain of 0.040 g.

Effect of calcium ion concentration
Taylor and Orton32 observed that the presence of calcium 
ions at a very low concentration induced flocculation, 
whilst at high concentrations flocculation was inhibited. The 
influence of calcium ions was also tested in the present study. 
Calcium ion concentration was varied from 0 mM to 9.55 mM 
and introduced into the broth as anhydrous calcium chloride 
(CaCl2×2H2O). The calcium chloride weight was varied 
in steps of 0.05 g to yield seven concentrations for testing. 
The results are presented in Figure 5. The best flocculation 
quality was observed at Ca2+ concentrations of 5.49 mM and 
9.55 mM. Figure 5 shows that flocculation typically increased 
from 0 mM to a peak at 5.49 mM, whereafter it decreased and 
increased again to the same peak at 9.55 mM.

Presence of glucose
The effect of glucose on flocculation of brewer’s yeast cells 
was another parameter investigated. Generally, it has been 
found that maltose and mannose are the most effective 
inhibitors of flocculation whereas sucrose and glucose are 
less effective.19

The presence of glucose promoted yeast cell growth and 
delayed the stationary phase for yeast cells, thereby delaying 
the onset of flocculation. Ethanol was produced from the 
effect of the yeast cells on glucose, which decreased the pH 

a

b

c

TABLE 1: The effect of immobilisation temperature on the quality and quantity 
of the flocs produced during flocculation of brewer’s yeast.
Temp. (°C) Immobilised cells† Free cells

Floc quality‡ Floc weight (g) Floc quality Floc weight (g)
25 + 0.043 ± 0.013 + 0.124 ± 0.010
30 ++ 0.143 ± 0.007 ++ 0.123 ± 0.005
†Yeast cells were immobilised with 44.64 mg/mL carbon nanotubes.
‡Floc quality was measured on a four-point scale: -, not flocculent; +, slightly flocculent; ++, 
flocculent; +++, very flocculent.

FIGURE 2: Scanning electron micrographs showing the flocculation of brewer’s 
yeast in the absence of carbon nanotubes: (a) x1000, (b) x1700 and (c) x300.
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of the broth and thus resulted in a delay in flocculation. The 
amount of glucose added is usually between 3 and 5 times 
the weight of the medium15,17,33,34; the glucose concentration 
used was 18 mg/mL.

The findings were plotted as pH and zeta potential against 
time (Figure 6). The results show a decrease in pH from 5.53 
to 3.84 within a day and a progressive increase thereafter. 
A pH of 5.60, which is the optimum pH for the onset of 
flocculation, was reached after 3.95 days (~4 days). 

The experiment was repeated with 5.49 mM calcium ions 
(Figure 7) and there was a decrease in pH from 5.59 to 3.76 
within a day and a progressive increase thereafter. A pH of 
5.60 was reached after 4.90 days (~5 days), that is, there was 
a delay of 5 days before flocculation was observed. These 
observations were in agreement with previous reports which 
state that glucose inhibits flocculation.2,19,35 Several authors 
have indeed found that flocculation is triggered by carbon 
and/or nitrogen starvation and that the addition of these 
compounds to the growth medium delays flocculation.22,23,36

Effect of agitation speed
An analysis of the effect of agitation speed on the 
immobilisation of brewer’s yeast was carried out by changing 
the speed from 0 to 200 revolutions per minute (rpm). A poor 
flocculation (+) was observed for speeds of 0 rpm, 50 rpm, 
150 rpm and 200 rpm whilst good flocculation (++) was 
observed at a speed of 110 rpm (Table 3).

The weak flocculation observed at higher agitation speeds 
of 150 rpm and 200 rpm (Table 3) may be as a result of 
disintegration of the flocs. While an increase in collisions 
may help to grow the flocs, there is a limit to the agitation 
speed beyond which surface erosion or floc fracture sets in, 
which limits the stable floc to a certain optimum size.37

Stratford and Wilson37 showed that flocculation was 
observed at shaking speeds between 65 rpm and 115 rpm; 
these observation are in agreement with those of the present 
study where very little flocculation was observed at speeds 
lower than 50 rpm and optimum flocculation occurred at 
about 110 rpm.

The presence of CNTs increased the flocculation rate of 
brewer’s yeast. In addition, the recovery of the flocs by freeze 
drying demonstrated that the flocs immobilised on CNTs 
were more stable than those produced by free cells.

The observation that CNTs increase the flocculation rate of 
yeast cells could possibly be explained by considering the 
Bridging Mechanism Theory. CNTs could be considered to 
be long chain particles which have large surface spikes which 
enable the neutralisation of the surface charge of brewer’s 
yeast cells when there is contact made between the cells and 
the CNTs. This contact would allow the cells to adsorb onto 
the tubes such that an individual chain can become attached 

TABLE 2: Comparison of floc quality for different concentrations of carbon 
nanotubes (CNTs) in the flocculation of brewer’s yeast.
[CNT] (µg/mL) Floc quality†

0 +

17.86 ++

26.79 ++

35.71 ++

44.64 +++

53.57 +++

62.50 +++

71.83 ++
†Floc quality was measured on a four-point scale: -, not flocculent; +, slightly flocculent; ++, 
flocculent; +++, very flocculent.
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FIGURE 3: Effect of changing pH on floc weight during the flocculation of 
brewer’s yeast (a) with and (b) without carbon nanotubes.
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FIGURE 4: Effect of the concentration of carbon nanotubes on the flocculation 
of brewer’s yeast.
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to two or more cells, ‘bridging’ them together. Spike structures 
accumulate tip-charge, but the energy required to push a spike 
tip through a repulsion field would be considerably less than 
that for cell–cell wall contact. The spike may contain a positive 
tip charge (as is the case with CNTs), which would most easily 
penetrate the negative charge repulsion of the yeast cells.37

 
The presence of CNTs also could have increased the 
water contact angle leading to an increase in cell surface 
hydrophobicity, which in turn initiated flocculation.38,39 A 
high level of cell surface hydrophobicity may facilitate cell–
cell contact in an aqueous medium, resulting in more specific 
lectin–carbohydrate interactions.37

Conclusions
We have demonstrated the potential of CNTs for improving 
flocculation of brewer’s yeast. The influence of various 
factors affecting flocculation of brewer’s yeast on CNTs was 
studied. The optimum flocculation conditions were found to 
be: a pH between 5.00 and 5.80, a temperature of about 30 °C, 
an agitation speed of about 110 rpm, a concentration of CNTs 
of between 44  mg/mL and 54 mg/mL, and a calcium ion 
concentration of 5.49 mM. The addition of glucose decreased 
the flocculation rate and delayed the onset of flocculation.
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