J. Microbiol. Biotechnol. (2004), 14(4), 698-706

]ouggNAL
MICROBIOLOGY
BIOTECHNOLOGY |

© The Korean Society for Microbiclogy and Biotechnology {

Characterization and Food Application of a Potentiometric Biosensor

Measuring B-Lactam Antibiotics

PARK, IN-SEON, DONG-KYUNG KIM, AND NAMSOO KIM*

'Korea Food Research Institute, Songnam 463-746, Korea

Received: July 8, 2003
Accepted: October 6, 2003

Abstract -Lactam antibiotics such as penicillin G, amoxicillin,
and ampicillin were determined by a potentiometric biosensor
system which exploited penicillinase immobilized on Immobilon
cellulose nitrate membrane and a flat-bottomed pH electrode

" as the biological component and transducer. The optimum
reaction buffer for maximum sensitivity was found as 2 mM
of sodium phosphate buffer (pH 7.2). The detection limit of
the biosensor could be extended to 1 UM of the analytes
by increasing the enzyme loading for immobilization to
100 units/ml. The model samples spiked with each of the
standard penicillins were measured for their biosensor responses
‘and HPLC peak area, resulting in the relative responses of
82.1-103.5% and 79.5-106.1% for the biosensor method
along with HPLC analysis, respectively. This result showed a
good precision of the current biosensor method for screening
the penicillin compounds.
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Apart from the quantitative analytical methods for chemical
contaminants possibly present in various foods [5, 11, 28,
29], the importance of rapid screening methods has been
increased due to the elevated inspection demand for the
quality control on foods. Hence, thin layer chromatography,
Bacillus megaterium disc assay, enzyme-linked immunosorbent
assay (ELISA), and fluorescence immunoassay (FIA),
etc. as rapid screening methods for detrimental organic
compounds like antibiotics have been gradually established
[8]. Of these, ELISA has been reported as an effective and
sensitive method for screening positive samples in broad
concentration ranges [7]. This method, however, requires a
detector measuring light intensity and involves complicated
procedures such as binding of antigen or antibody to a
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support, washing of the reaction cell, antigen-antibody
complexation and washing, and substrate addition followed
by the measurement of light intensity. Hence, it is basically a
laboratory-oriented method that is not easily applicable to
the on-site measurement. As an alternative, the dipstick
assay format has been developed. However, it still suffers
from low sensitivity and reproducibility according to the
types of analyte [4].

As new screening methods for antibiotics, hormones, and
pesticides, the optoelectronic, piezoelectric, and electrochemical
biosensors have been developed since the beginning of the
last decade. Owing to their convenience and rapidity, they
are easily applicable to on-site analysis [16]. Mellgren er
al. [9] compared a biosensor method based on biospecific
interaction with microbiological, immunochemical, and
physical methods for sulfamethazine in raw milk and
concluded that the biosensor method was suited for a high-
sensitivity detection in a real-time scale. A direct competitive
chemiluminescent immunoenzyme biosensor using a thin
layer flow cell was developed for making a nano-sensitivity
detection on low molecular weight compounds [12].
Piezoelectric immunosensors for determining antibiotics
like chloramphenicol [14] and pesticides such as atrazine
[22] and 2,4-D [2] have also been developed in a direct-
binding or competitive assay format. On the other hand,
electrochemical biosensors, which encompass potentiometric
and amperometric ones, and have the merits in a convenient
system setup and relative inertness to interference caused
by coloring substances, are expected to find applicability in
the real-time measurement of antibiotics in fermentation
broths [19], and in the measurements of atrazine and
cyanide, along with heavy metals [4, 27].

Antibiotics, which can be translocated to various foods
via many routes such as feed and injection to livestock, are
important items for making a quality evaluation in the
sector of food hygiene due to their side effects. For example,
B-lactam antibiotics including penicillin and cephalosporin,
which have a broad-action spectrum against Gram-positive



and -negative bacteria with a high antimicrobial activity,
have also been reported for their high toxicity level on
humans and livestock. Of the B-lactam antibiotics, penicillin
compounds represent a group of chemicals having a
similar chemical structure [13]. According to the substituent
groups of the B-lactam ring, natural penicillins such as
penicillins G and V, and semisynthetic aminopenicillins like
ampicillin and amoxicillin are reported. These compounds
are detoxified by a selective hydrolytic cleavage of the 3-
lactam ring of the cyclic amide induced by penicillinase
(B-lactamase). In this case, penicillin is converted to
penicilloic acid, resulting in the formation of a carboxyl
group which can easily deprotonate H" ions to the surrounding
medium to induce a pH decrease or potential increase. By
using this principle, some studies have been conducted to
develop biosensors for screening purposes or for quantitative
analysis. These include the development of a silicon-based
pH sensor by using pulsed laser deposition technique
{18, 20, 21] and of the capacitive penicillin sensor [17], in
addition to the study on penicillinase immobilization by
a heterobifunctional cross-linking and on the long-term
stability of penicillin sensors [24].

The aim of this study was to develop a convenient
biosensor system for screening penicillin compounds only
with a pH/mV meter and a flat-bottomed pH electrode
attached with a penicillinase membrane. The response
characteristics of the resulting biosensor were analyzed
and the measurements of the penicillin compounds in the
spiked model samples from various cold storage foods
were carried out by applying the biosensor method and
HPLC for comparing the analytical results.

MATERIALS AND METHODS

Enzyme and Reagents

Penicillinase (EC 3.5.2.6, from Bacillus cereus) as the
biological component, and penicillin G (potassium salt),
amoxicillin, and ampicillin as the analytes were purchased
from Sigma (MO, U.S.A.). Other reagents were guaranteed
or extra-pure reagents obtained from various suppliers and
used as given.

System Setup

Enzyme was immobilized onto small pieces (0.9 cm
diameter) of Immobilon cellulose nitrate membrane (HAHY
107, Millipore, MA, U.S.A.) by soaking them into the
penicillinase solutions of different enzyme activities (2-
200 units/ml). Thus, the individual enzyme membrane that
was prepared was attached to a flat-bottomed pH electrode
(Istek, Korea) and the resulting sensing electrode was
connected to the Orion 920A pH/mV meter (MA, U.S.A.)
which was interfaced to an IBM-compatible personal
computer. System operation was completed with Orion
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Data Coliect PC Software (version 2.0). To measure the
biosensor response, the sensing electrode was first immersed
into a beaker containing 18 m! of sodium phosphate buffer.
After stabilization of the baseline signal, 2 ml of the analyte
or the model sample spiked with a single penicillin compound
was injected into the reaction cell. The changes in pH and
potential (mV) upon substrate addition were automatically
displayed on the PC monitor and the steady-state biosensor
signal was taken to calculate the biosensor response.

Preparation of the Model Samples

Pork, beef, chicken, and milk under cold storage were
purchased from a discount market in Bundang area (Korea).
For the biosensor measurement, 30 g of each solid sample
was added into a centrifuge tube installed with an acryl net,
followed by centrifugation at 1,000 rpm in a tabletop
centrifuge to prepare the corresponding meat drip. The
meat drip that was obtained was filtered through a 0.45 pm
syringe filter membrane to prepare the analytical sample.
Milk was used as an analytical sample after the
microfiltration process that was described above. The
analytical sample for HPLC analysis was prepared as
follows [8]. Ten g of each sample was homogenized with
25 ml of methanol, followed by centrifugation at 3,000 rpm
for 20 min. The supernatant was transferred to a 250-ml
flat-bottomed flask, and the residue was extracted and
centrifuged again as above. The supernatant thus obtained
was added to the first supernatant and the final residue was
discarded. To the total supernatant, 2 ml of n-butanol and
20 m! of ethanol were added, followed by evaporation under
a reduced pressure at 40°C. The residue was dissolved in
10 ml of sodium potassium phosphate buffer (pH 6.0). To
the dissolved solution, 10 ml of ethyl ether was added and
the resulting mixture was agitated for 10 min, followed by
centrifugation at 3,000 rpm for 10 min. Seven ml of the
water layer from the supernatant was filtered through a
0.45 wm syringe filter membrane to prepare an analytical
sample. To the analytical samples of biosensor and HPLC
analyses, each penicillin compound at different concentrations
was spiked to prepare the model samples.

Analytical Conditions of HPL.C

For comparison with the analytical results of the biosensor
method, HPLC was done with a HPLC system (model PV-
980) of Jasco (Japan) operated with Borwin chromatography
software (Rev. 1.2150, Jasco) [23]. The column used was
Kromasil C,,(5 um, 4.6 mm 1.d.x250 mm), maintained at
30°C, and a UV detector (model UV-975, Jasco) was used
at 254 nm. Gradient elution was used in the following
condition: for the eluent having a composition of methanol,
0.1 M of sodium acetate (20:80, v/v) was eluted for 10 min
at a flow rate of 1.0 ml/min, after which the methanol
composition was increased to 40% for 5 min. This
composition was maintained up to 40 min, followed by
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going back to the original eluent composition to start the
next cycle of measurement. The standard solutions of the
penicillin compounds were prepared by a serial dilution of
.the stock solutions dissolved in methanol (20 mM of
penicillin G, 4 mM of amoxicillin, and 20 mM of ampicillin)
and then 20 pl aliquots were injected into the HPLC
‘system.

'RESULTS AND DISCUSSION

[Effects of pH and Ionic Strength on the Biosensor
Responses

It has been reported that the pH and ionic strength of a
reaction buffer has a strong influence on the sensitivity of a
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Fig. 1. Effects of the pH and ionic strength of the buffer

solutions on the biosensor responses.

potentiometric biosensor that measures pH or potential
change [30]. Therefore, the effects of pH and ionic
strength on the biosensor responses were evaluated (Fig. 1).
To find out the effect of pH, sodium phosphate buffers
adjusted to pH 6.8-7.5 were used. Compared with the
optimurmn pH of 7.0 for free penicillinase, the biosensor
responses in terms of pH and potential change were in the
highest values at pH 7.2, amounting to ApH of - 1.56 and
AmV of 92.0. This type of alkaline shift in pH optimum
found in the immobilized enzyme has also been reported in
the lactate and hypoxanthine sensor of previous reports
[6, 15]. The ionic strength of sodium phosphate buffer (pH
7.2) also significantly affected the biosensor responses.
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Fig. 2. Biosensor responses at different enzyme loadings for
immobilization.



When buffer concentration exceeded 50 mM, nearly no
changes in pH and potential were observed during the
enzyme reaction. On the contrary, the biosensor responses
were conspicuous by lowering the buffer concentrations below
50 mM [28]. To imprave the sensitivity of the biosensor in
this study, 2 mM of sodium phosphate buffer (pH 7.2) was
used as a reaction buffer for further experiments.

Effects of Enzyme Concentration for Immobilization
and Substrate Concentration on the Biosensor Responses
The enzyme loading onto Immobilon cellulose nitrate
membrane significantly affected the biosensor responses.
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Fig. 3. Biosensor responses at different substrate concentrations.
The enzyme loading was 50 units/ml.
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As shown in Fig. 2, the increases in enzyme loading led to
the increases in pH and potential change. That is, the
enzyme loading of 50 units/m! showed the highest biosensor
responses at all subsirate (analyte) concentrations. In this
case, the potential increase and pH decrease amounted
to 115mV and 1.86, respectively, at the penicillin G
concentration of 8 mM. However, no significant changes
in the biosensor responses were found between the enzyme
loadings of 2 and 10 units/ml. There were no conspicuous
increases in the biosensor response over 4.5 mM penicillin
G at all enzyme loadings.

The responses of the penicillin sensor at different
substrate concentrations were measured at the enzyme
loading of 50 units/ml (Fig. 3). In this case, Triton X-100
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Fig. 4. Calibration curves for the penicillin compounds according
to the enzyme loadings of 50 (panel A) and 100 units/ml (panel B).
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was added into the reaction buffer to ensure the complete
dissolution. As shown in Fig. 3, the biosensor was the most
tesponsive to amoxicillin, followed by penicillin G and
ampicillin. The maximum changes in potential and pH at
this enzyme loading were 142.9 mV and - 2.42, respectively,
for amoxicillin. The changes in potential and pH increased
in a concentration-dependent manner up to 2mM of
amoxicillin and penicillin G. Over this concentration,
however, the changes in the biosensor response per unit
substrate concentration decreased gradually, which implied
a saturation process of the active site of the enzyme with
these substrates [3, 19, 25]. Nearly no saturation of the
enzyme was observed with up to 8 mM ampicillin, which
implies that it is a relatively poor substrate with low
binding affinity.

Calibration Curves and Reproducibility for the Penicillin
Compounds

The calibration curves for the penicillin compounds are
shown in the presence of 50 units/ml of the enzyme
(Fig. 4, panel A). In all analytes, good correlations were
found (r* for penicillin G and amoxicillin was 0.9953
and 0.9913, respectively, and r for ampicillin was 0.9746).
However, it was impossible to lower the detection
limit below 100uM for the individual substrate and
this value was considerably higher than 0.4-1.3 ppm
'which is regarded as a reference value suitable for the
positive decision-making on the presence of antibiotics
in urine or serum of livestock in the screening test [10].
Hence, it was strongly required to decrease the detection
limit of the current biosensor. For this purpose, the enzyme
loadings for immobilization were increased to 100 and
200 units/ml. As described in Table 1, the biosensor
responses occurred in proportion to the enzyme loadings at
low substrate concentrations of 10 and 20 uM. However,
the increase in the ratios of response decreased abruptly
when the analyte concentrations exceeded 20 uM. From
this result, it was evident that the amount of enzyme

Table 1. Effects of the enzyme loadings for immobilization on
the responses of the penicillin sensor.

Biosensor response (%)

Pen(lf&\lil)n G Enzyme loading (units/ml)

50 100 200

10 100.0 200.0 350.0

20 100.0 166.7 266.7

50 100.0 118.8 118.8

100 100.0 126.5 130.2

200 100.0 125.4 142.4

500 100.0 113.5 127.0
1000 100.0 107.1 133.8

"The biosensor responses at the enzyme loading of 50 units/ml were
arbitrarily taken as 100%.

loadings significantly affected the biosensor response at
low analyte concentrations. This fact also suggests that an
extension of the detection limit is possible by increasing
the enzyme loading. Hence, the enzyme immobilization onto
Immobilon cellulose nitrate membrane was done with
100 units/ml penicillinase and the biosensor responses
were measured at different substrate concentrations.
As shown in the panel B of Fig. 4, linear calibration curves
(r for penicillin G, amoxicillin, and ampicillin was 0.9985,
0.9999 and 0.9878, respectively) were obtained up to
the analyte concentrations of 1,000 UM and the detection
limit of 1 uM was attainable. This value was found to
meet the above criterion and was quite favorable when
considering the measuring range of 0.01-3 mM for the
penicillin sensors of previous reports [1, 19]. Compared
with the indirect detections, such as colorimetric detection
after performing a suitable color reaction and iodometric
detection based on the consumption of iodine by penicilloic
acid, the direct detection on the changes in pH and
potential by the current biosensor seems to have some
advantages in convenience, rapidity, and simplicity. This
method, however, might have some disadvantages in terms
of selectivity and susceptibility to the environmental
conditions such as ionic strength of the applied buffer
system [26].

The reproducibility of the penicillin sensor was estimated
by calculating the coefficient of variability (CV, SD/
Meanx100, %) after 7 measurements were repeated with
an immobilized membrane. The CVs for 1 mM penicillin
G, 0.5 mM amoxicillin, and 4 mM ampicillin were 2.28,
3.40, and 6.20%, respectively. These values seem to be
excellent considering that the biosensor might be used for
screening of the penicillin compounds in various food
samples.

Se+4

4e+4 2
g 3e+4
[5+]
5
= 2et+4 3
]
2 1

1e+d l\

0 —
0 10 20 30 40

Retention time (min)

Fig. 5. HPLC chromatograms of amoxicillin (1), ampicillin (2),
and penicillin G (3).

The injection concentrations at the retention time for peaks 1, 2, and 3 were
1 mM at 7.7 min, 5 mM at 21.0 min, and 5 mM at 29.3 min, respectively.
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'HPLC Analysis of the Penicillin Compounds

Figure 5 shows the HPLC chromatograms of amoxicillin,
ampicillin, and penicillin G with the corresponding retention
times of 7.7, 21.0, and 29.3 min, respectively.

The penicillin compounds of this study were not found
in the analytical samples prepared from pork, etc. when
HPLC analysis was completed (data not shown). Therefore,
the model samples spiked with predetermined concentrations
of each of them were prepared, followed by the
‘measurements of the biosensor responses and HPLC peak
area to compare the analytical results.

Analysis of the Model Samples by the Biosensor

Figure 6 represents the response profiles of the analytical
'samples that were unspiked and spiked with penicillin G in
1 mM, which showed a matrix effect. This effect might be
-diminished when a buffer solution of higher ionic strength
is used. However, in this case, the sensitivity of the
biosensor drastically decreased owing to its innate buffering
«capacity [30]. Therefore, it was necessary to use a low
ionic strength buffer and to eliminate the matrix effect
'simultaneously in making use of a control run. As shown
in Fig. 6, the potential change occurred more significantly
when the model samples were injected into the biosensor
'system. Hence, the biosensor responses were regarded as
the steady-state potential changes obtained with the model
samples minus those with the analytical samples.

Figure 7 shows the comparison of the biosensor responses
‘obtained with the standard and model samples at different
analyte concentrations. The response of the model samples
converged quite well to the calibration curves of the
standard samples in the case of penicillin G and amoxicillin
(panels A and B of Fig. 7). Although not so significant, a
small deviation compared with the standard samples was
found in the ampicillin case (panel C of Fig. 7). To show
this result quantitatively, the ratios of the biosensor
responses of the model samples against those of the
standard samples are described (Table 2). The relative
responses at different analyte concentrations were 95.5-
103.5, 82.1-96.2, and 84.4- 100.7%, respectively, in the
case of penicillin G, amoxicillin, and ampicillin. This fact
implied that the biosensor could measure the penicillin
compounds in the model samples nearly to the concentrations
of spiking.

Ahnalysis of the Model Samples by the Comparative
HPLC

When the HPLC chromatograms of the model samples
spiked with the penicillin compounds were compared with
those of the standard samples, the peaks of penicillin G,
amoxicillin, and ampicillin were found in both cases and
matched correctly in the chromatograms (data not shown).
Figure 8 shows the comparison of the HPLC peak area
obtained with the standard and model samples at different
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Table 2. Comparison of the relative responses for the penicillin compounds obtained by the biosensor method and HPLC.

Sub Biosensor method HPLC
ubstrate
Spiked concentration (mM)  Relative response (%)  Spiked concentration (mM)  Relative response (%)"
0.2 98.6 2.5 92.4
. eins 0.5 99.2 4.0 101.4
Penicillin G 1.0 103.5 5.0 84.0
2.0 95.5
0.2 82.1 0.5 98.5
A il 0.5 96.2 0.8 106.1
moxicriin 0.75 87.4 1.0 86.1
1.0 96.1
2.0 84.4 2.5 91.2
Ampicilli 3.0 100.7 4.0 99.1
mprettin 4.0 94.4 5.0 79.5
5.0 97.1

‘Percentage of the responses of the model samples against those of the standard samples.

analyte concentrations. Like the case of the biosensor
method, the peak area of the model samples also converged
to the calibration curves of the standard samples. The
degree of convergence found in the HPLC analysis seemed
to be as comparable as that of the biosensor method. As
shown in Table 2, the relative responses in the HPLC
analysis at different concentrations of penicillin G, amoxicillin,
and ampicillin were 84.0-101.4, 86.1-106.1, and 79.5-
99.1%, respectively. Judged from the results of Figs. 7 and
8, and Table 2, the potentiometric penicillin sensor seemed
to have both sensitivity and precision as a rapid screening
method for the penicillin compounds.
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