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A new bacteria-based sensor for determination of glycerol was reported, in which mutant
bacteria induced from the strain of Bacillus subtilis AS1.398 was used as a biocatalyst. The
calibration graph of the proposed sensor was linear in the range of 1–10% (w/v) glycerol and
the correlation coefficient was 0.9946. Lifetime of the sensor was more than two weeks.
There was no significant interference from substances commonly coexisting in the fermenta-
tion broth except acetic acid. The sensor would be useful for monitoring glycerol during fer-
mentation due to its linearity, selectivity, and lifetime. The bacteria could be used as a
catalytic enzyme membrane which can reproduce itself in proper matrix.
Key words: Glycerol determination; Microbial membrane electrode; Induced mutant; Bacil-
lus subtilis AS1.398; Biocatalysis.

The determination of glycerol is crucial due to its wide uses in various
fields1. The official standard methods for determination of free glycerol in
soaps, detergents, cosmetics, etc. were based on its oxidation by
peroxidates. The formic acid produced by the oxidation rection could be ti-
trated with standard sodium hydroxide2. The glycerol produced by fermen-
tation could also be determined spectrophotometrically in which the
chromotropic acid reaction was employed3,4. However, all these procedures
above are not suitable for process monitoring.

Over last two decades, biosensors have become an attractive tool for fer-
mentation process monitoring because of its high sensitivity and selectiv-
ity5,6. Concerning glycerol, various enzymes related to glycerol, such as
glycerol dehydrogenase7–15, glycerol kinase and glycerol-3-phosphate
oxidase16–20, and glycerol oxidase21, were employed to construct biosensors
in which the transducers could be electrochemical or spectrophotometrical.
These enzyme-based biosensors were sensitive, selective, and elegant, but
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much effort had to be made to isolate and purify the enzyme; also, their
lifetime was limited. As alternative biocatalytic materials, immobilized bac-
terial cells are available for the construction of biosensors. Their major ad-
vantages are that a complete, nature-optimized enzymatic pathway is used
and the increased stability of an enzyme is obtained because it is main-
tained in its natural environment5,6,22. In particular, the selectivity of bacte-
ria-based biosensor could be greatly enhanced by preincubating the
microorganism with desired substrates23. Although many induced
bacetria-based sensors have been developed and applied to process con-
trol6,23–25, there are no reported data on this type of bacterial sensor for
glycerol. Here we report a new induced bacteria-based sensor for determina-
tion of glycerol.

EXPERIMENTAL

Materials

Apparatus. A shaker (WDP microbial culturing box, Optics, Machinery & Electricity Tech
Co. Ltd., Shandong University, Jinan, PR China) was used to culture the bacteria. The
growth of bacteria was observed and the bacteria were counted under a microscope (Zeiss,
Germany). Oxygen-consuming rate and pH measurements were performed on a Model LM-1
digital oxygen analyzer combined with oxygen electrodes (Institute of Metallurgy, Chinese
Academy of Sciences, Shanghai, PR China) and a Model-901 microprocessor ion analyzer
(Orion Research Inc., Cambridge, MA, U.S.A.), respectively. The standard procedure reference
for determination of glycerol was carried out with a spectrophotometer (Model 721-100,
Third Analytical Instrument Factory, Shanghai, PR China). A super-thermostatic bath
(CS501, Chongqing Experimental Instrument Factory, Chongqing, PR China) was used. The
oxygen-based sensor system was described previously26,27.

Reagents. The reagents for isolation of the microorganism were chemically pure. The glyc-
erol for microorganism cultivation was of industrial grade. The poly(vinyl alcohol) (PVA)
was obtained from Sigma (average molecular weight 70 000–100 000). Deionized water (1 MΩ)
was used in the preparation of phosphate buffer solution (PBS). All other solutions were pre-
pared with the PBS. A 50% glycerol solution was standardized spectrophotometrically by
chromotropic acid after the oxidation of glycerol to formaldehyde with periodates3,4. Stan-
dard solutions of 1–10% glycerol were prepared by serial dilution of the above standard so-
lution.

Construction of the Biosensor

Culture of bacteria. The induced mutant from strain Bacillus subtilis AS1.398, which was
isolated from wild strain, was grown with culture A (peptone 1%, yeast extracts 0.3%, glyc-
erol 10%, K2HPO4 0.5%, agar 2%, salt solution 0.25 ml, pH 6.5). Then the induced strain
was cultured for at least 5 generations with addition of 5% of glycerol while the other nutri-
ents were the same. Its characteristics remained stable. All the cultures were operated at
32 °C, 2 500 rpm for 36 h when the rate of respiration was at the maximum. The response
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rates (∆E/∆t) of the sensor were determined under the conditions of 5% of glycerol, 32 °C,
and in pH 6.99 PBS buffer. After the bacteria were harvested, the cells were counted under
the microscope. The number of bacteria was 4.55 · 1010/ml suspension.

Immobilization of bacteria with poly(vinyl alcohol) embedding method. A culture dish (i.d.
9 cm) containing 1 g PVA powder and 5 ml deionized water was put into a pressure cooker
and heated to 121 °C, at 1.5199 · 105 Pa for 30 min. Then 5 ml of microorganism suspen-
sion and 0.01 g of peptone were added into the cooled dish. After the mixed solution (PVA
9%, peptone 1%, microorganism suspension 50%, 2.175 · 1012) was dried in a vacuum dryer
for 24 h at room temperature, the living cells were embedded in the PVA membrane (ca 400 µm
thick).

Construction of the sensor. The sensor system was shown previously26,27. The bacteria mem-
brane was held in place mechanically with a Nylon net (200 mesh). The electrode was
soaked in PBS buffer (pH 6.99), while bacterial membranes were stored and reproduced in a
solution of 2.5% glycerol at room temperature. The sensor was washed with deionized water
and PBS before each measurement.

Procedure

PBS buffer (5 ml) was added into the cell at a constant temperature (32 °C) and the sensor
was inserted into the cell. When the oxygen analyzer reaches the first steady state, a series
of glycerol samples were injected into the cell. The value of ∆E (mV) could be recorded from
the screen of the digital oxygen analyzer when second steady state was reached (30–120 min
were required, depending on the concentration of glycerol in the cell). By adding a series of
standard solutions of glycerol in PBS buffer at pH 6.99, the calibration curve with ∆E vs
[glycerol] was plotted. The unknown concentration was determined from the calibration
curve.

RESULTS AND DISCUSSION

Response Characteristics and Lifetime of the Sensor

Usually the separation of glycerol from the broth is very tedious and
time-consuming. A biosensor that could be used to determine directly the
glycerol in fermentation broth without several pretreatment steps was
promising. The linear response range of this sensor was 1 to 10% of glycerol,
which was matched to the concentration range of crude glycerol. Figure 1
shows the calibration plot for the proposed sensor. The regression equation
was ∆E = 11.25 [glycerol] + 6.54, the correlation coefficient r being 0.9946.
A serious problem for the microbial sensor was usually its instability, which
resulted in a poor reproducibility of the results. Hence, a calibration curve
was made for each determination.

Self-reproduction of the bacterial cells in the immobilized PVA mem-
brane was observed as the clear culture fluid for storing the sensor became
turbid overnight. When continually used, the signal of the sensor was cha-
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otic and analytically unusable on the 17th–18th day; at the same time, the
change in turbidity of the solution was not so apparent. On the 18th day,
the regression equation was ∆E = 8.30 [glycerol] + 15.25, with r = 0.9896.
However, the value of ∆E decreased sharply and was unsuitable for too high
or too low concentrations. Although the lifetime of the biosensor was
about 18 days, it was sufficient for monitoring the glycerol fermentation
since its cycle was usually ten days.

The rather long response time of the sensor may be a result of the assimi-
lation of glycerol by several catalytic enzymes located within the immobi-
lized Bacillus subtilis AS1.398 which is relative slow.

Effect of pH and Temperature

All the determinations were performed in a PBS buffer because the bacterial
membrane was stored and reproduced in PBS solution of glycerol. In addi-
tion, the enzyme system has a mild activity in PBS solution. Figure 2 shows
the variation in sensor response with a change in pH at 32 °C and a sub-
strate at 2.5% glycerol. Unlike optimum pH for other catalyses, the opti-
mum pH of the enzyme system within the induced mutant from Bacillus
subtilis AS1.398 is acidic, as shown in Fig. 2. Although the signal raised up
at low pH, pH 6.99 was chosen as the working pH to match the pH of crude
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FIG. 1
The calibration graph of biosensor for deter-
mination of glycerol. Conditions: 5 ml of
PBS, pH 6.99, 32 °C; y = 11.249x + 6.5452,
R2 = 0.9893
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FIG. 2
Dependence of the rate (∆E/∆t) on pH (PBS,
32 °C, [glycerol] = 2.5%)
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glycerol usually between 5 and 7. Thus, crude glycerol could be determined
directly by proposed sensor without further pH adjustment.

The activity of the enzyme system increased with temperature and
reached a maximum at 32 °C, as shown in Fig. 3. This was the optimum
temperature, based on the fact that the enzyme system activity persists and
is stable. Also, this was the best growth temperature for this microorganism.

Selectivity and Recovery

Selectivity was determined by a separate solution method, in which two so-
lutions with equal concentration were chosen. First, the biosensor was in-
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FIG. 3
Dependence of the rate (∆E/∆t) on tempera-
ture (PBS, pH 6.99, [glycerol] = 5%)20 30 40T, °C

65

55

45

35

∆E
/∆

t,
m

V
/m

in

TABLE I
The value of ∆EI/∆E0 for interfering substances vs glycerol at 32 °C, in PBS of pH 6.99; ([In-
terfering substance] = [glycerol] = 2.5%)

Substance ∆E1/∆E0
a Substance ∆E1/∆E0

a

D-Glucose 0.1356 D,LProline 0.1186

Maltose –0.0339 D,L-Alanine 0.0508

Sucrose –0.1356 D,L-Tryptophan 0.0339

Urea 0.1356 MgCl2 · 6 H2O –0.1017

Citric acid 0.0848 1-Propanol –0.0169

D,L-Malic acid 0.0000 Ethanol –0.0508

D,L-Tyrosine 0.1186 Formaldehyde 0.0847

Acetic acid 0.2033

a ∆EI = ∆E of the interfering substance, ∆E0 = ∆E of glycerol.



serted into a sample solution and the ∆E0 was obtained; then inserted into a
solution containing only interference substance and the ∆EI was obtained.
Comparing the ∆E0 with ∆EI, the relative response could be determined.
Based on this method, possible interference from various substances coex-
isting in the broth, such as amino acids, urea, organic acids, glucose and
disaccharides (maltose and sucrose) and ethanol, was taken into account.
The results are shown in Table I. Except for the significant interference
from acetic acid, relative response from glucose, urea, tyrosine and proline
could be neglected because the concentration of these compounds is nor-
mally lower than that of glycerol in crude glycerol. The respiration of Bacil-
lus subtilis AS 1.398 is possibly hindered by glucose, sucrose, MgCl2·6 H2O,
1-propanol and ethanol. Thus negative signal is obtained. The recovery was
measured at two different concentrations (Table II).

Conclusions

The proposed biosensor could be useful for monitoring glycerol fermenta-
tion process in terms of its linearity, lifetime, and selectivity. The bacteria
can be used as a catalytic enzyme membrane, which can reproduce itself in
proper matrix. The application of the proposed biosensor to fermentation
process monitoring is being investigated.
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TABLE II
The recovery for determination of glycerol at 32 °C, in PBS of pH 6.99

C, % 1 2 3 4 5 Average recovery, % RSDc, %

2.5 97.63 111.85 101.85 90.51 86.96 97.76a 10.0

113.60 120.00 118.00 132.40 117.20 120.24b 6.0

5.0 93.26 98.59 95.04 96.82 80.81 92.86a 7.6

105.80 114.00 106.20 106.80 108.40 108.24b 3.1

a Microbial electrode; b spectrophotometrically with chromotropic acid4; c relative standard
deviation (RSD) is the sample standard deviation divided by sample mean.
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