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A sensitive bacteria biosensor was prepared for the detection of trace lactate. The sensitive bioelement,
Lactobacillus bulgaricus and Streptococcus thermophilus mixed cultrue, and palygorskite, a perfect matrix for
bacteria, was co-immobilized on the surface of oxygen electrode. The biosensor possesses fine selective
specificity, good sensitivity and longer operational life time, which were due to the mutual help relationship
of symbiotic bacteria and 240 days acclimation with lactate as the carbon source. Hydrodynamic
amperometry, an advanced electrochemical method, is suitable for on-line monitoring the concentration
change of dissolved oxygen that is closely accompanied with the metabolism of lactate. Electrochemical data
show that the current is very sensitive to the changes of the concentration of lactate. The response current
was linear with lactic acid concentration in the range from 0 to 300 μmol L−1, where the response time is no
more than 240 s (R=0.9952), and the sensitivity was 1.87 mA mol−1 L. Experiments show the biosensor is
also very useful for long time on-line monitoring of lactate, such as fermentation progress.
: +86 517 83591190.
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1. Introduction

Simple, reliable and rapid monitoring of lactate in complex media
has been desired continuously in many areas, such as clinical analysis,
sports medicine, food industry and biotechnology. Blood lactate levels
can predict multiple organ failure, including shock, respiratory
insufficiencies, and heart or liver diseases [1,2]. Continuous real-
time monitoring of metabolites with portable instruments represents
a significant advance in clinical, sport medicine and fermentation
technology [2,3]. Besides, lactate determination is a very useful way to
detect the microbial contamination because the microbial contami-
nation of food always results in lactate fermentation [4]. The on-line
detection, control and fault analysis on lactate will play much greater
role than past with the development of ideal analysis method of
lactate.

There are some physical methods for lactate measurement, such as
conductivity measurement [5], near-infrared spectroscopy [6], HPLC
[7], spectrophotometry [8] and chemiluminescence [9]. However, it is
still the main way to employ various enzymes in the analysis of
lactate, such as NAD+-dependent lactate dehydrogenase [10], lactate
oxidase [11] and flavocytochrome b2 [12], because of the high se-
lectivity of the bio-recognition element. All of these enzymes catalyze
the oxidation of L-lactic acid to pyruvic acid with the reduced form of
nicotinamide adenine dinucleotide (NADH) or hydrogen peroxide
(H2O2) being the signaling molecule for the detection. Nevertheless,
these methods have some disadvantages: (1) The interfering
substances in the sample can introduce unacceptable analytical
errors; (2) Time-consuming assays, usually requiring a protein-free
filtration or other pretreatments, cannot meet the practical require-
ments of rapid simultaneousmeasurement. Thereafter, enzyme-based
amperometric biosensors have been developed during the past
decades considerably, due to not only their high selectivity and the
sensitivity of electrochemical signal transduction, but also their
simple sample preparation and rapid portable analysis. However,
enzyme-based amperometric biosensors often suffer from bad
reproducibility, low stability, and expensive cost.

It is promising to use plant tissues, animal tissues or bacteria as the
bio-recognition element because of some obvious advantages: no
need of adding co-factors, no need of isolation and purification of
enzymes, low analytical cost and probable increase of enzyme
stability since the enzyme is retained in its natural environment.
Poor selectivity is the main disadvantage of tissue or bacteria
biosensor. However, microbial acclimation or genetic recombination
can improve the analytical performance of the relevant bio-recogni-
tion element to get high selectivity and wide detection range greatly.
Many studies have focused on the feasibility of various tissues [9] and
bacteria [13–16] as the bio-recognition elements of lactate. Lactoba-
cillus bulgaricus and Streptococcus thermophilus have perfect symbiotic
relationship, have always been mixed culture and widely used in the
dairy industry. In this paper, the two bacteria, as recognition element,
were mixed and acclimated to endue the biosensor with better se-
lectivity, sensitivity and long operational lifetime [17].
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Fig. 1. Current changes vs. the concentration of lactic acid: (a) the biosensor made from
acclimated bacteria; and (b) the biosensor made from non-acclimation bacteria. Buffer:
0.1 mol L−1 PBS (pH 6.8). Analytical temperature: 35±0.2 °C. Stirring speed: 150 rpm.
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The reactions involve in the analysis of lactic acid are the
following:

Lactateþ O2 þ H2O → Pyruvateþ H2O2 ð1Þ

Pyruvateþ O2 → CO2 þ H2O ð2Þ

The response current of oxygen electrode depends on the con-
sumptions of dissolved oxygen by the bacteria, which is proportional
to the concentration of lactic acid.

The sensitivity of biosensor also depends on the immobiliza-
tion technology, where the immobilized materials are very important
[18–20]. Palygorskite, a hydrated magnesium aluminum silicate, is a
natural one-dimensional (1D) nano-material. Bradley proposed the
ideal structure of palygorskite early in 1940 [21]. Because of its unique
physical and chemical properties, palygorskite is receiving more and
more attention in many areas, such as inorganic–organic polymer
hybrids, nano-fillers, fertilizer suspensions, drilling fluids, oil refining,
catalysts, catalyst supports, pharmaceutical industry and so on [22–
24]. Many national pharmacopoeias have accepted palygorskite [25].
In addition, its fine biological affinity makes it a good carrier for cell
immobilization [26]. Therefore, there are three reasons that we choose
palygorskite as the matrix of enzyme immobilization: (1) moderate
absorptive capacity; (2) fine biological affinity; (3) unique one-
dimensional (1D) nano-structure, which can significantly reduce the
shrinkage cracks of themodifiedmembranes just like carbonnanotubes.
Our experiments proved that the lactobacillus/palygorskite biosensor is
very successful in lactate measurement.

2. Experimental

2.1. Chemicals

Palygorskite (from Jiuchuan clay company, Jiangsu, China) was
first soaked in water for 24 h. Then the mixture (the concentration of
palygorskite is about 5%) was dispersed by magnetical stirring and
ultrasonic wave for 3 h. After that the colloid suspension was
centrifuged and the supernatant (about 1/2 of volume) was collected.
By repeating the above processes three times relatively pure paly-
gorskite can be obtained. Then the pure palygorskite was re-sus-
pended in water with the concentration of 5 mg mL−1. Lactate assay
kits were purchased from Eton Bioscience, Inc. Beef paste and peptone
were of reagent-grade purchased from Shanghai Fortune Biotech Ltd,
and all the other chemicals used in this study were of analytical grade
from Shanghai Chemical Reagent Co., Ltd. All solutions were prepared
with double distilled water. The buffer system (pH=6.8, PBS) was
0.1 mol L−1 KH2PO4-Na2HPO4. Basal medium (1000 mL): bacto-
peptone 10 g, beef extract 3 g, NaCl 5 g. Inorganic salt medium
(1000 mL): (NH4)2SO4 1 g, MgSO4·7H2O 0.1 g, Na2HPO4·7H2O 0.05 g,
KCl 0.1 g, FeSO4·7H2O 0.01 g, and the total amount of lactose and
lactic acid was fixed on 15 g. Milk samples were purchased from local
markets and blood samples were collected from a local hospital. All
samples were used directly without further treatment. Samples were
sealed and kept at 4 °C before analysis for no more than 3 days.

2.2. Cell culture and preparation of biofilm

Both L. bulgaricus and S. thermophilus were isolated from yogurt
and identified according to Berger Microbial Identification System.
They were then mixed and cultured at 1:1 ratio. The mixed bacteria
were incubated in basal culture medium under aerobic condition for
12 h at 37 °C with shaking at 150 rpm. The acclimation process in-
cludes two steps: (1) gradually increasing the ratio of inorganic salt
medium to basal medium; (2) after acclimation to inorganic salt
medium, gradually increasing the ratio of lactic acid to lactose where
the total amount of lactic acid and lactose fixed at 15 g/1000 mL. Then
after 240 days of acclimation, the mixed lactobacillus got their fine
selective specificity to lactate while retaining their powerful metab-
olism vitality in high concentration of lactic acid (about 1.5%). The
acclimated cells were cultured under the same condition as above,
then harvested and washed twice with 0.1 mol L−1 PBS at room
temperature. The bacterial suspensions used for the experiments
were fixed on 0.5 g wet cells in 1 mL PBS solution.

100 μL of the bacterial suspension and equal volume of palygors-
kite suspension were mixed. A certain volume of the above mixture
was cast onto a piece of acetyl cellulose membrane filter (with pore
diameter of 0.2 μm, purchased from Shanghai Biochemical Co., Ltd.),
dried at ambient temperature for 30 min. If not used immediately, the
biofilm was sealed and stored in refrigerator at 4 °C.

2.3. Experiment procedure

The biofilm was fixed on the surface of an integrated oxygen
electrode (including an Au cathodic electrode, an Ag anodic electrode,
and an Ag/AgCl reference electrode) with an ‘O’ ring just before an
electrochemical experiment. The polarization potential was ~0.7 V.
The current measurement was carried out by Dissolve Oxygen
Analysis Instrument (JPSJ-605, Shanghai Jingke, China), The whole
procedure was performed in the detection chamber containing 20 mL
of buffer solution, stirred with a magnetic bar. A constant tem-
perature-bath was used to maintain the experiment temperature at
35±0.2 °C unless stated otherwise. When the current output of the
oxygen electrode reached a steady state, the sample was added into
the buffer solution. The current output of the oxygen electrode
decreased and reached a new steady state after addition of sample.
The difference between the steady state currents before and after
addition of the sample was taken as the response current.

3. Results and discussion

3.1. The effect of acclimation

After acclimation, the mixed bacteria were able to grow well in
inorganic salt medium at higher lactate concentrations (1.5%). Fig. 1
shows the effect of acclimation on the calibration curve of the bio-
sensor. The response current of the electrode made by acclimated
bacteria is about double that of the electrode by plain bacteria. Thus,
higher sensitivity and wider linear range of the biosensor on lactic
acid should be attributed to the acclimation.



Fig. 3. The calibration plots of current changes vs. the concentration of lactic acid at
different temperatures. Other experimental conditions are same as in Fig. 1.
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The acetate cellulose membrane can act as the barrier of ascorbic
or uric acid, keeping them from the electrode surface. Therefore, those
compounds do not affect the biosensors fabricated with acetate
cellulose membrane [27]. Besides, lactic acid, glucose and ethanol,
which are present in biological samples widely, are also explored on
their effects on lactate analysis (Fig. 2). Fix the concentrations of all
analytical substrates on 100 μmol L−1, the response current of the
biosensor to lactate is 44.8 times that of ethanol, and 11.9 times that of
glucose, which proves that these interfering compounds do not affect
lactate detection of the biosensor.

3.2. The effect of temperature

Temperature plays an important role in most enzymatic relative
reactions, so the effect of temperature on the sensitivity of the bio-
sensor is studied in the range from 15 to 45 °C. Experiment revealed
that a rise of temperature will increase the biosensor sensitivity and
response current (Fig. 3). The sensitivity of the biosensor at 35 °C is
1.87 mA mol−1L, and that at 25 °C is 0.44 mA mol−1L. Because the
increase of the response current in optimum temperature that ranges
from 35 °C to 45 °C is very small, and high temperature has adverse
effects on the stability and accuracy of the biosensor, 35 °C is chosen
as the analytical temperature.

3.3. Response time

The steady state current decreases after the addition of lactic acid
and reaches a new steady state in 40 s for 10 μmol L−1 lactic acid, 60 s
for 50 μmol L−1 lactic acid, and 220 s for 250 μmol L−1 lactic acid. The
response time to reach 95% steady state was approximately
225 seconds, so the measuring time with the biosensor is less than
4 min, which is shorter than that of commercial testing kits (10 min),
and the best response time of a similar microbial electrode (about
5 min) [28]. The response time of the biosensor depends on the
concentration of lactic acid and the diffusion barrier of the biofilm, so
the biosensor response is under diffusion control.

3.4. Characterization of the biosensor performance

Fig. 4 shows the dependence of current response on lactate
concentration, and the linear relation is between 0 and 300 μmol L−1

of lactate, the sensitivity of the biosensor is 1.87 mA mol−1 L in that
condition. The relative standard deviation (RSD) is 3.2% for measure-
ment of a standard sample (120 μmol L−1) by six different modified
Fig. 2. Current response of the biosensor upon addition of different substrates. Ethanol,
glucose and lactic acid are fixed on 100 μmol L-1 (final concentration) respectively.
Other experimental conditions are same as in Fig. 1.
electrodes, which is reasonably satisfactory. The measurements on
five different concentrations (50, 100, 150, 200 and 250 μmol L−1) are
performed on three separate days, where the reproducibility cal-
culated on the three slopes is 4.1% (n=3).

Fig. 5 shows that the biosensor can work well and give correct
response signal for at least 13 h, so it is possible for the biosensor to be
used in an on-line analysis, such as monitoring the progress of
fermentation in factory. The biosensor, having been used for short-
time analysis, can recover its analytical ability after re-immersing in
blank buffer solution for 3 min, and can be reused for up to 15
measurement since the response current of the 15th measurement
was no less than 90% of the initial one as shown in the inset of Fig. 5.
Besides, the biofilm can keep 93% of its activity after being sealed and
stored in the refrigerator at 4 °C for 46 days.

Further studies have proven that the biosensor can also be used in
the analysis of milk products and blood samples successfully. The
results agreed well with that measured by commercial lactate testing
kit. The regression equation between the results obtained by
commercial testing kit (x-axis) and those by the biosensor (y-axis)
for the sample of milk products (six samples) is y=1.017 x−0.1311
with R of 0.9786. Analytical results for the six blood samples are
Fig. 4. Dependence of response current on the concentration of lactic acid. The inset is
the calibration plot of the biosensor, with a linear regression equation of y=0.02281+
0.00187 x(R=0.9952.). Other experimental conditions are same as in Fig. 1.
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Fig. 5. Signal response of the biosensor to 170 μmol L−1 lactate on continuous
application. The inset shows the dependence of the response currents on the reuse
times of one biosensor (n=3).

Table 1
Comparative investigation of lactate concentrations for different blood samples by the
biosensor and a commercial lactate testing kit (n=3).

Analysis method The lactate concentration of sample
(mmol L−1)

1 2 3 4 5 6

The biosensor 0.36 1.24 1.59 0.75 0.74 0.87
Commercial lactate testing kit 0.34 1.25 1.54 0.73 0.71 0.87
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shown in Table 1. The results show that the present biosensor is
practical and accurate for commercial application.

Compared with kidney tissue [9], Escherichia coli [13,14] and
yeasts [15,16], the perfect symbiosis and long time acclimation
brought high analytical performance to the biosensor, such as better
selectivity and long time on-line analysis. Besides, the working
stability of oxygen electrode and absence of redox mediator made
the biosensor very suitable for long time on-linemonitoring of lactate,
which cannot be done by the biosensor aidedwith the redoxmediator
[15,16].

4. Conclusions

The biosensor, based on acclimated lactobacillus and palygorskite
co-modified oxygen electrode, performed verywell in lactate analysis.
The two main achievements of this work, better selectivity and long
time on-line analysis, were very meaningful for practical application.
The correct selection and proper treatment of the bacteria were the
first one, where the perfect symbiosis of L. bulgaricus and S.
thermophilus and long time acclimation of the bacteria endured the
biosensor with better selectivity, sensitivity and long operational
lifetime. The second one, Palygorskite is a good matrix for bacteria
immobilization, which is also important to ensure the perfect
performance of the biosensor. Further studies indicate that the
biosensor could be used for on-line analysis of lactate and its assay
in for example milk products and blood samples.
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