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A new method was proposed for monitoring antibiotics and other pollutants based on the assessment of the
growth of Staphylococcus aureus (S. aureus) with a piezoelectric impedance analysis technique. During the
growth process of S. aureus, the motional resistance variation (�R1) increases and the frequency shift (�f)
of the piezoelectric quartz crystal (PQC) decreases correspondingly. The two responses can conveniently be
used in process analysis. Under the given experimental conditions, a linear relationship between the resistance
detection time (RDT) and logarithm value of the concentration of penicillin was obtained in the range of
0.01–10mg/ml with a detection limit of 4� 10–3 mg/ml. Other antibiotics and pollutants also have the similar
linear relationships. The proposed method is simple, convenient and sensitive. Particularly, it does not need the
immobilization of the microorganism. This method was used for monitoring of wastewater from a hospital.

Keywords: Antibiotics; Inhibition process; Piezoelectric impedance analysis; Wastewater; Environmental
monitoring

INTRODUCTION

Water pollution makes environmental quality worse all over the world½1�, so it is
important to monitor the sources of pollution. To date, many methods have been devel-
oped for monitoring wastewater, such as polymerase chain reaction (PCR) method½2�,
integral sorption methods½3�, piezoelectric quartz crystal (PQC) sensors½4� and microbial
sensor methods½5;6�. Biological oxygen demand (BOD) is an important index in environ-
mental monitoring which can well reflect the polluted extent of water by common
organics. BOD concerns with biochemical process of microorganisms and it presents
the total polluted level. However, when the monitored water sample contains certain
amount of antibiotics, the growth of microorganisms is inhibited. The dissolved
oxygen consumed by bacteria is lower than that having no antibiotics. In this case,
the BOD method cannot demonstrate the pollution extent accurately. In this paper
we propose a new method to monitor the above wastewaters based on the inhibition
of pollutants to a microorganism.
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Piezoelectric impedance analysis is a practical method for studying the quartz crystal
resonance and provides multidimensional information reflecting some physical and
chemical properties of the investigated system½7;8�. The equivalent circuit model of the
PQC sensor was described by Buttry and Ward½9�. It is composed of motional and
static arms in parallel. The motional arm contains three equivalent circuit elements
in series, the motional resistance (R1), motional inductance (Ll) and motional capaci-
tance (C1) while the static arm only contains static capacitance (C0) and all the four
equivalent circuit parameters have distinct physical meanings½7N9�. In this paper, we
only discuss the variations of R1 and C0. The motional resistance R1 corresponds to
the loss in mechanical energy dissipated to the surrounding medium and the supporting
structures. The static capacitance C0 originates from the two parallel plate metal elec-
trodes on the quartz surface and stray capacity to the supporting structure. R1 is related
to the variation caused by the piezoelectric effect, while C0 is not related to it. The
piezoelectric impedance analysis technique has been successfully applied to many
fields, including the determination of �-amylase½10�, rheumatiod factor½11�, and actomyo-
sin depolymerization½12�, monitoring of blood clotting process½13� and mutagenic
process½14�.
In this work, this technique was combined with the growth of a microorganism for

monitoring the antibiotics and other pollutants in wastewater. The method was
based on the fact that the growth of Staphylococcus aureus was inhibited in the presence
of penicillin which is a typical inhibitor to S. aureus, and the physical and chemical
properties of culture system would change accordingly. This causes the variations of
equivalent circuit parameters of PQC. The changing process of impedance parameters
could reflect the inhibition process. So antibiotics detection in wastewater could be
performed by piezoelectric impedance analysis.

EXPERIMENTAL

Reagents

All chemicals used were of analytical reagent grade. Doubly distilled and sterilized
water was used throughout. The composition of the culture medium for S. aureus
was as follows: glucose, 5 g; bovine extract, 2 g; disodium hydrogen phosphate, 2 g;
distilled water, 1000ml. The pH value of the medium was adjusted to 7.4 by phosphate
buffer solution. The medium was dispensed into 200ml amounts in conical vials and
sterilized by autoclaving at 121�C for 30min. All antibiotics were purchased from the
hospital of Hunan University (Changsha, China).

Materials and instrumentation

AT-cut 9MHz PQC (12.5mm in diameter) was purchased from state-run 707 factory
(Beijing, China). The gold electrodes of the crystal which have surface areas about
0.3 cm2 were vacuum-evaporated by using an Eiko IB-3 ion coater. The gold-coated
quartz crystals were sealed with 704 silicon rubber to get one side of the crystal in
contact with liquid. To insure the clarity of the gold-coated electrode, the gold electrode
surfaces were first treated with H2SO4þH2O2 (V/V 3 : 1) for 5min, then cleaned with
water and acetone, sequently. Before use, the electrodes were sterilized by autoclaving
at 121�C for 30min.
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The experimental setup for piezoelectric impedance analysis is shown in Fig. 1. The
system comprises of a 4192A LF Impedance Analyzer which was one side connected to
the terminal contacting liquid of PQC, and the other side was connected to a personal
computer in which a user program was written in Visual Basic 5.0 to control the
analyzer. The equivalent circuit parameters were obtained at a time interval of ca.
3min, and displayed on the Visual Basic form in the experiments.

Microorganism

S. aureus was obtained from College of Life Science of Hunan Normal University
(Changsha, China). Four loops of S. aureus on agar slant were inoculated into
100ml sterilized conical vials which contained 50ml sterilized culture medium. It was
incubated for 16 h at 37�C, and preserved in a 4�C refrigerator, the culture gives
an approximate concentration of 1.57� 106 cells/ml by pour plate count (PPC) method.

Procedures

The experimental solution was prepared by mixing 2ml of culture medium, 2ml of bac-
terial solution and 40 ml of penicillin solution. Then the gold electrode was immersed.
The detection cell was stuffed with a rubber plug and placed to incubate at 37�
0.1�C in the thermostatic water-jacket. Then the variations of the impedance
parameters were real-time monitored by HP 4192A LF Impedance Analyzer.
For a comparison, after finishing the impedance measurement, the final bacteria

number was detected by PPC method.

RESULTS AND DISCUSSION

Response theory of the piezoelectric impedance analysis

In PQC analysis, there is a linear relationship between the change (�m) and the
frequency shift (�f )½15�:

�fm ¼ 	
2f 20

ð�Q�QÞ
1=2

�m

A
ð1Þ

FIGURE 1 Schematic diagram of the piezoelectric impedance analysis system. (1) Personal computer; (2)
HP 4192A LF Impedance analyzer; (3) PQC sensor; (4) Detection cell; (5) Thermostatic water-jacket; (6) Gold
electrode; (7) Quartz crystal.
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Where �Q and mQ are the density and the shear modulus of quartz, respectively. A is the
area of the quartz plate.
In addition, the physical and chemical properties of liquid may also affect the

frequency of PQC. The relationship between them can be described as½16�:

�fL ¼ 	
f 3=20 ð�L�LÞ

1=2

�ð�Q�QÞ
1=2

ð2Þ

where �L and �L are the viscosity and density of the liquid, respectively.
Thus, the total frequency shift (�ft) should be the sum of �fm and �fL

�ft ¼ �fm þ�fL ð3Þ

In piezoelectric impedance analysis, Muramatsu et al.½7� described the relationship
between the motional resistance (R1) and viscosity–density of the liquid.

R1 ¼
ð2�f0�L�LÞ

1=2A

�2
ð4Þ

where � represents the electromechanical coupling factor.
If �fL is dominated by the net changes in the viscosity and density of liquid, as for

the presently used 9MHz crystal, the ratio of � fL and �R1 should be 10.1Hz�
–1½17�. In

fact, � fL/�R1 is often greater than 10.1, because measured value of �fmay contain the
contributions of both mass and viscosity–density factor. In this paper, this criterion was
used to judge the variations of the viscosity and density of the culture system during the
inhibition process.

Typical response curves of � f , �R1 and �C0 during the normal process

The typical response curves of piezoelectric impedance parameters including �f, �R1
and �C0 during the normal growth of S. aureus are shown in Fig. 3. It can be seen
that �R1 shows a constant value in the initial 1.6 h, and the first plateau appears in
the �R1 versus time curves, then the �R1 increases greatly, finally reaches a stable
level and the second plateau appears. We defined the time at which the first plateau
appeared in �R1	t curve as resistance detection time (RDT), and it related to the
amount of bacteria added and the detection limit of the equipment. Compared with
that of �R1, �f shows a reverse changing trend. As shown in Eqs. (2) and (4), changes
in the two parameters indicate viscosity and density variations of culture system during
the normal growth. It can be seen that the shape of �R1 curve resembled the theoretical
growth curve of bacterium, and the changing situation of �R1 was different during
three growth phases of the bacterium.
From Fig. 2, a decrease of ca. 1180Hz in � f and increase of ca. 38� in �R1 between

the two plateaus were obtained. The slope of � f versus �R1 was calculated as ca.
31.05.Hz �–1, this value is far more than 10.1. This fact indicates that the contributions
to �f resulted not only from an increase in viscosity and density, but also from other
factors, e.g. the adsorption of the culture components onto the gold electrode.
However, �R1 can well reflect the changes in viscosity and density of culture system
according to Eq. (4).
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It can also be found from Fig. 2 that �C0 increased ca. 0.9 pF. This result indicates
that dielectric constant of the crystal increased during the normal growth of the
bacterium.

Typical response curves of � f , �R1 and �C0 during the inhibition process

The typical response curves of piezoelectric impedance parameters, including �f, �R1
and �C0 during the inhibition process are shown in Fig. 3. It can be seen that RDT is
4 h which is larger than that at the normal growth situation. �R1 also has a great
increasing phase and a second plateau. As shown in Fig. 3, a decrease of ca. 600Hz
in �f and increase of ca. 16� in �R1 from 4 to 12 h were obtained. The slope of � f
versus �R1 was calculated, as 37.5Hz�

–1.
Comparing with Fig. 2, the results of Fig. 3 show the similar changing trend of the

two parameters. But we could investigate the difference between the two figures from
two aspects through the �R1 and �f curves. Firstly, the time that the first plateau
keeps is different. The lasting time which is similar to the lag time in Gompertz popula-
tion growth model½17� is longer than that in the normal growth case, because the bacteria
will decrease to a minimum value after the addition of penicillin, and then the surviving
bacteria begins to recover their growth again. In this case, it prolongs the time at which
S. aureus gets into exponential phase and the variations of impedance parameters need
a long time to be detected by impedance analyzer. Secondly, the signal size of �R1
response is different, and �R1 value which is similar to asymptote A in Gompertz
model in Fig. 2 was greater than that in Fig. 3, because a part of S. aureus died or

FIGURE 2 Time courses of simultaneous responses of �R1, �f and �C0 during the normal growth of S.
aureus. (A) Typical response curve �R1(–); Change in bacteria concentration with time which was obtained
with the PPC method (f); (B) Typical response curve of �f; (C) Typical response curve of �C0. The volume
of the bacteria solution is 2ml, and the volume of the medium is 2ml.
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lead to deformation and could not propagate after addition of penicillin. There are little
amount of bacteria that get into the exponential phase and lead to a small change of
viscosity–density in the culture system. The antibiotics have the same effect on �f.
The tangent of the response curves in the great increase phase which is similar to the

maximum specific growth rate mm in Gompertz model has no obvious discrimination in
both cases. It is that penicillin mainly affects A and 	 and has a little effect on mm. In
addition, the ratio of �f and �R1 is more than 10.1. This result indicates that a part of
the frequency shift is not caused by viscosity–density in both the cases. We obtained
these differences through multiple experiments.
From Fig. 3, it can also be found that C0 increases during the whole process.

The effect of penicillin concentration on RDT during inhibition process

Under the same experimental conditions, different amounts of penicillin were added
into the culture medium and resistance response curves were obtained (as shown in
Fig. 4). In the inhibition case, the RDT value is related to the amount of penicillin
added except for the amount of bacteria and detection limit of equipment. The differ-
ence values of RDT versus the logarithm values of the concentration of penicillin were
drawn in Fig. 4 and the calibration curve was acquired, as shown in Fig. 5. It can be
found that the different values of RDT are proportional to the logarithm values of
the concentration of penicillin. The results illustrate that the greater RDT values can
be obtained when the amount of penicillin is higher. When the concentration of peni-
cillin is in the range 0.01–10 mg/ml, there is a linear relationship between the difference

FIGURE 3 Time courses of simultaneous response of�R1, �f and�C0 during the growth of the inhibitory
process; (A) Typical response curve �R1 (–); Change in bacteria concentration with time, which was obtained
with the PPC method (f); (B) Typical response curve of �f.; (C) Typical response curve of �C0. The volume
of the bacteria solution is 2ml, and the volume of the medium is 2ml, the volume of the penicillin (10 mg/ml)
added is 40 ml.
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values of RDT and the logarithm values of the concentration of penicillin. The regres-
sion equation is:

RDT ¼ 1:16 logC þ 5:10 ð5Þ

where C is the concentration of penicillin, and the correlation coefficient is 0.995
(n¼ 6), detection limit is 4�10	3 mg/ml.
The �R1 between two plateaus also can reflect the amount of antibiotics in detection

system, however, it needs a long detection time. We used RDT to reflect the pollution
extent in this study.

FIGURE 4 Frequency response curves of the growth of S. aureus in the presence of different concentrations
of penicillin. The concentrations of penicillin in solution (mg/ml): (1) 0, (2) 0.01, (3) 0.1, (4) 1, (5) 10.

FIGURE 5 Calibration curve for the determination of penicillin. The concentration of S. aureus is
1.57� 106 cells/ml.
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Comparison of the piezoelectric impedance analysis method with PPC method

When the culture system was monitored by impedance microbial sensor, the number of
bacteria was detected every one hour by traditional PPC method at the same conditions
to evaluate the proposed method. The results in the absence and presence of penicillin
are shown in Fig. 2 and 3, respectively. It can be seen that the three stages of �R1 vari-
ations correspond to the three phases of bacterial growth. The results show that the
situation of bacterial growth leads to the change of �R1. In addition, the final bacterial
numbers were detected with PPC method after completing the measurement of
impedance parameters. The relationship between the final bacterial numbers and the
logarithm values of the concentration of penicillin is shown in Fig. 6. It can be seen
that the final bacterial number decreases with the increase of the concentration of
penicillin. Experiments show that the bacterial growth is inhibited by penicillin, and
the inhibition action is more serious when the concentration of penicillin is higher.
This result agrees with that obtained by the proposed method.

The valence of other antibiotics to penicillin

Many antibiotics and pollutants can obviously inhibit the growth of S. aureus when
they are present in water½18�. And hence the growth process of S. aureus can be
conveniently applied for environmental wastewater monitoring, which come from
many pollution sources, especially hospital and medical factories. Practically, the
pollution level can be easily defined as the concentration of penicillin. The valence of
the inhibitory capacity of 1 mg/ml penicillin was defined as 1. The inhibitory capacity
of other antibiotics was thoughtfully examined. First, RDT values were obtained
under the same conditions by the proposed method, then the inhibitory capacity of
other antibiotics and pollutants was calculated according to Eq. (5). The results
are shown in Table I.

FIGURE 6 Relationship between final bacterial numbers and the logarithm values of different concentra-
tions of penicillin.
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Monitoring of a hospital wastewater

Using the proposed method, we continuously monitored the wastewater of a hospital
for one week. Before detection, the water samples were filtered and sterilized by super-
sonic wave. Under the same experimental conditions, we obtained the detection results
which are shown in Table II. The concentration of antibiotic drugs in wastewater had
little change from Tuesday to Friday. But there existed an apparent change on Monday.
This may be because more people visited the hospital on that day. In general, we found
that the wastewater of the hospital contained some antibiotics which may affect the
public health.

CONCLUSION

As described above, the growth situations of S. aureus were examined in the presence
and absence of antibiotics. This result is in agreement with that obtained by the PPC
method, but the proposed method is simple and time saving. A relationship between
RDT and the logarithm value of concentration of penicillin was also obtained. The
valences of other antibiotics to penicillin were examined in this paper. Therefore, anti-
biotics and other pollutants can be detected using the piezoelectric impedance
technique. It is expected that the proposed method can be used to detect the environ-
mental wastewater as a composite biochemical polluted index.
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