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Abstract: An impedance response model reflecting the inhibitory effect of antibiotics on bacterial growth in biometallur

gy was established. Three inhibition parameters, i. e. the maximum amount inhibitory constant of the bacterial growth

(K1), the maximum specific growth inhibitory constant( K ;) and the lag time inhibitory constant( K 3) , were included in

the model. The influence of these parameters on the response curve was discussed in detail. By fitting experimental data

towards the proposed model, three growth parameters (A, K, and A in the presence of antibiotics were gained and com-

pared. The results show that the growth ability of bacteria is decreased due to the influence of antibiotics. T he experimen-

tal and fitted curves have goodness of-fit in the range of 0. 987 = 1. 008. Moreover, the kinetic growth parameters ob-

tained from this model are closed to those from the Logistics popular growth model. These results show that the proposed

model is validity to reflect the inhibitory effect of antibiotics on bacteria.
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1 INTRODUCTION

There are abundant metal elements in the na
ture, such as Co, Mg, Zn, Mn and Fe. Through mr
crobial metabolism, all of these metal elements can be
utilized and transformed, thus their material circle in
the nature can be realized !!. Since 1970's, with the
development of microbial technology, microorganism
has been used widely in bacterial leaching, transform-
ing of metal and absorbance of harmful metal ( espe-
cially heavy metal) in polluted environmental!”™ due
to its transforming-metal ability.

Since penicillin was found in 1929, a large
amount of antibiotics was produced and used fre-
quently in clinics. One of its results is the accumula
tion of antibiotics pollutant in environments. It is
well known that the effect of antibiotics on microor
ganism is mainly expressed as inhibition function' ™.
So the existence of antibiotics pollutant will result in
the decrease of the ability of microorganism in trans-
forming and absorbance of metal in environment, and
it can also affect the leaching efficiency of microor
ganism in bacterial leaching. So establishing a quanti-
tative model to reflect the inhibitory effect of antibi-
otics on the bacteria maybe provide useful information

for bacterial leaching and the transforming and ab-
sorbance of metal by bacteria in the presence of an-
tibiotics pollutant. So far, many studies have report-
ed the inhibitory effect of antibiotics on bacterial .
However, we are not aware of any published studies
that established quantitative model to reflect the in-
hibitory effect of antibiotics on the bacteria. This pa-
per is aimed at performing this aspect work.
Piezoelectric quartz crystal (PQC) sensor can be
characterized by active and passive methods'®!. In the
passive method ( PQCI), the quartz crystal is con-
nected externally to an impedance analyzer w hich uses
an alternating voltage at various frequencies across the
terminal of the crystal. The impedance analysis can
provide multidimensional information characterizing
the behavior of PQC sensor in investigated system.
The technique not only is a pow erful tool for studying
the qualitative process, but also can be applied to
quantitative determination. PQCI has been success
fully applied in many fields, including the determina-
tion of enzyme activity'”!, study of actomyosin de-
ploymerization! ' and rheumatid factor''"!, monitoring of
environmental wasterwater! ' and mutagenic process[ Bl
In this work, PQCI analysis technique was com-
bined with the growth of microorganism for investi
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gating the inhibitory effect of antibiotics pollutant on
bacteria and a new impedance response model reflect-
ing the inhibition effect quantitatively was derived.
The bacteria S. aureus and antibiotic penicillin were
selected to develop the model.

2 EXPERIMENTAL

2.1 Reagents

Penicillin was obtained from Sigma Chemical
Corporation. All chemicals used were analytical
reagent grade. Doubly distilled and sterilized water
was used throughout the experiment. The culture
medium for S. aureus was as follows: peptone, 5 g;
glucose, 5 g; beef extract, 2 g; disodium hydrogen
phosphate, 2 g; distilled water, 1 000 mL. The but-
ter solution used was phosphate salt solution (pH= 7.
2). The medium was sterilized by autoclaving at 121

C for 15 min before use.

2.2 Materials and instrument

The AT-cut 9 MHz piezoelectric quartz crystals
(12.5 mm in diameter) with a gold electrode (6 mm
in diameter) on each side were purchased from Na
tional 707 Factory ( Beijing, China). The gold-coated
quartz crystal was sterilized by autoclaving at 121 C
for 15 min before use.

The experimental setup for impedance analysis is
shown in Fig. 1. The system consists of a 4192A LF
impedance analyzer, on which one side was connected
to the terminal contacting liquid of PQC, and the
other side was connected with a personal computer,
in which a user program was written in Visual Basic
6.0 to control the analyzer and to acquire admittance
data.

] 1

Fig. 1 Schematic diagram of experimental setup
1 —Personal computer; 2 —HP 4192A LF impedance analyzer;

3 —PQC sensor; 4 —Quartz crystal; 5 —Gold electrode;
6 —Detection cell; 7 —T hermostatic water jacket

2.3 Microorganism

S. aureus was obtained from College of Life
Science of Hunan Normal University ( Changsha,
China) . Four loops of S. aureus from an agar slant
were inoculated into 100 mL sterilized conical vials
containing 50 mL of sterilized culture medium, then
the mixture was incubated for 16 h at 37 C, and pre-
served in the refrigerator at 4 C. The culture gives
an approximate cell concentration of 5. 1x 10’/ mL by

PPC method.

2.4 Procedures

The test solution was prepared by mixing 0. 5
mL of bacterial solution, 5 mL of fresh culture medi-
um and 30 HL of penicillin solution. Then the gold
electrode was immersed. The detection cell was
stuffed with a rubber plug and incubated at (37 0.
1) C with a thermostatic waterjacket. Then the
variations of impedance parameters w ere monitored in
a real time by HP 4192A impedance analyzer.

3 RESULTS AND DISCUSSION

3.1 Response theory of PQCI analysis

In PQCI, Muramatsu et al''*! described the rela
tionship between the motional resistance ( R1) and
viscosity-density of the liquid:

T 12 4
Rlz( fop;;k) (1)

K represents the electromechanical coupling

where
factor, (4, and T\, are the viscosity and density of the
liquid, respectively.

Because the growth of bacteria leads to the vis-
cosity and density variations of the test solution, the
impedance model was established by examining the
variation of the motional resistance ( AR 1) in this pa-
per.

3.2 Typical AR response curve of bacterial growth
in the absence or presence of antibiotics

In Fig. 2, line 1 shows the response curve of
AR 1 that indicates the growth situation of S. aureus
in normal case. It can be seen that AR almost does
not change during the initial 5 h and the first plateau
is formed. Then, AR increases continuously for
about 11 h, and then reaches a stable level to form
the second plateau. The above response curve can be
explained by the bacterial growth theory. Since bac
terial growth lies in the lag phase in the initial time,
the growth of bacteria is very slow and the viscosity-
density of solution nearly does not change. Hence
AR | nearly does not change and the first plateau ap-
pears. When the growth of S. aureus enters loga-
rithm growth period, the bacterial number increases
rapidly, leading to a quick increase in viscosity-densi
ty of the solution, which produces an increase of
AR . Since the limitation of nutrients and other fac
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tors, the growth of S. aureus reaches the saturation
phase and the bacteria grows slowly or even does not
grow any more. As a result, AR nearly does not
change again and the second plateau appears.
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Fig. 2 Time courses of AR values

experimentally obtained and fitted in the

presence of different concentration of antibiotics
(The lines represent the fitted results and the symbols
represent the experimental results;
The concentration of penicillin in solution( Hg/ mL) :

1—0; 2—0.05; 3—0.10; 4—0.15; 5—0.25)

The shape of AR is a sigmoid curve just like the
theoretical growth curve of bacteria described by Lo-
gistics model. The first plateau phase corresponds to
the lag phase of the growth of bacteria, the quickly
increasing phase corresponds to the exponential
growth phase and the second plateau phase corre-
sponds to the bacterial growth saturation phase.

In Fig. 2, lines 2 7 5 show the response curves of
AR 1 in the presence of different concentration of an-
tibiotics. Compared with line 1 in Fig. 2, lines 2~ 5
display the similar change trends. All of them are sig-
moid curves and can be divided into three change
phase, i e. the first plateau phase, the quickly in-
creasing phase and the second plateau phase. Howev-
er, we can also see the difference between them from
the following aspects. Firstly, the time that the first
plateau lasted is different. In the presence of antibiot-
ic, the lasting time is longer than that in normal case.
Secondly, the signal size of AR; between the two
ARy is about 38 Q in normal
growth case, but in the presence of 0. 25 Hg/mL
penicillin, AR is only about 9 Q.

plateaus is different.

Since the AR response curve corresponds to the
theoretical bacterial growth curve, the above differ
ences indicate that the lag time is prolonged; the
maximum number of bacteria is reduced due to the ef-
fect of antibiotic. The effect is more serious with the
increase of penicillin concentration.

3. 3 Establishment of impedance response model

A typical bacterial growth curve is well described

* 605 -
by Logistics popular growth model' ™'
In ﬁ;: AT (2)
1+ exp _Am( i)+ 2
where the asymptote A is the relative maximum

value of In( N/ Nyo); the maximum specific growth
rate M, is defined as the tangent in the inflection
point; the lag time Ais defined as the x-axis inter
cept of this tangent. Each of them has its specific bio-
logical meaning and changes with the change of the
grow th situation of microorganism.

In order to derive the inhibition model, we mod-

ified all parameters (A, MH,, A) in the Logistics

model.

A can be modified as

A= Aoexp(- K:C) (3)
where Ao is the asymptote without antibiotics; C is

the concentration of antibiotic, K represents the in-
hibition effect of unit concentration antibiotic on A
with dimension of €' and is defined as the maxi
mum amount inhibitory constant. It can be seen that
A is equal to Ao when no antibiotics are present.
When the antibiotics concentration is very large, A
approaches zero.

Similarly, M, and A can be modified as

Bo= by exp(- K:C) (4

A= dexp(K3C) (5)
where M, and X are the maximum specific grow th

rate and the lag time in the absence of antibiotics, re-
spectively; K ; represents the inhibition effect of unit
concentration antibiotics on M, and is defined as the
maximum specific growth inhibitory constant; K3
represents the inhibition effect of unit concentration
antibiotics on A and is defined as the lag time in-
hibitory constant. K, K, K3 have the dimension
of ™.

According to the bacterial growth model, the in-
hibition growth model can be defined as

N _
No~

In
Agexp(— K41 C)
48, exp(— K2C)*( dexp(K3C)- 1)
Aopexp(—- K,10C)

1+ exp + 2

(6)

The change of motional resistance ( AR{) and

the number of bacteria were determined in order to

establish the relationship between them. Experiments

show that a linear relationship exists between AR;
and the logarithm of the relative population size,

AR = kln]‘e[; (7)

where k is a coefficient. In this study, we detected

the relative number of bacteria using the PPC method
and obtained the value of £ as 4. 58 Q.

From Eqn. (6) and Eqn. (7), a new impedance
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response model which reflects the inhibitory effect of
antibiotics on bacterial growth can be obtained as
AR = 4. 58 x
A gexp(= K, €)
41, exp(— K2C)*( bexp(K3C) - t) 2I
Agexp(- K1C) *

1+ exp

(8)
Taking K1, K, and K3 as estimation parame-
ters, the fitted ones of AR; and the growth kinetic
parameters (A, H,and N can be obtained by fitting
the experimentally obtained values of AR in Fig. 2 to
the derived model. The results are shown in Table 1.
Compared with the growth in the absence of antibi-
otics, the growth in the presence of antibiotics yields
lower values of A, M, and longer A That is to say,
the bacterial growth ability is inhibited due to the ef-
fect of antibiotics.
In order to assess the adequacy of the fitted re-
sults, the F-statistical test was used as the criterion:

Z( AR fit — AEexp) 2
F?2= —
D ARwp— ARuy)?

1

(10)

AR o = ',5 12: MR exp ;5 F is the goodness-of-

where

fit.

3.4 Sensitivity of parameters to response curve

In order to examine the influence of the inhibito-
ry parameters( K, K, K3) on the AR; —¢ curve,
the curves with different parameter values were ob-
tained and discussed.

The effect of K1 on the AR —t curves is shown
in Fig. 3. It can be seen that K | obviously influences
the height of curves. AR varies increasingly with K
decreasing. At the same time, since the denominator
of Eqn. (6) also contains K | and the other growth pa
rameters ( By, and A are also affected by K, these
lead to the difference at the initial part of the curves.
However, K| mainly affects the growth parameters
A.

The influence of K5, on the AR;—t curves
is shown in Fig. 4. It can be seen that the slope of

curve becomes steeper and the saturation occurs soon-
er with smaller K. It can be explained as follows:
since M, is the maximum specific growth rate and de-
fined as the tangent in the inflection point, according
to Eqn. (4), a smaller K, leads to a larger H,, thus
the initial slope of the curve becomes steeper. As a re-
sult, the growth of the population is more rapid and
reaches the population saturation more quickly.
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Fig. 3 Effect of K on response curve
(Ao= 8.270 7, llm(): 1.286 2; A= 6.260 1,
K,=4.1; K3=3.4; C= 0.1 Hg/mL)
1_K1= 10, 2_K1= 8, 3_K1= 6,
4—K=4; 5—K=2
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Fig. 4 Effect of K on response curve
(Aop= 8.270 7, Umo= 1.286 2; M= 6.260 1, K= 6. 1;
K3=3.4; C= 0.1 Hg/mL)
1—K,=6; 2—K»,=5; 3—K,=4; 4—K,=3; 5—K,=2

Table 1 Parameters obtained by fitting responses of AR in Fig. 2 according to Eqn. ( 8)

C/(bgemlL ™) A W/ h! Nh K/ (mLebg™ ! K,/ (mLeHg™ ") K3/ (mLeHg™ ! F
0 8.271 1.286  6.260 0. 994
0. 05 6.104  1.036  7.108 6.074 4.335 2.541 0. 998
0.10 4.460  0.837  8.969 6.177 4.298 3.596 0. 995
0.15 3182 0.725  10.969 6.368 3.823 3.739 1. 008
0.25 1.857  0.494  16.410 5.974 3.831 3.855 0. 987
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It can be noted from Fig. 5 that K3 influences
the lag time of bacterial growth. As K3 increases, it
takes longer time for the culture to enter exponential
phase. Since saturation values do not vary, the curves
overlap after exponential phase is completed.

151

ARy Q
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Fig. 5 Effect of K3 on response curve
(A o= 8.2707; Um0= 1.286 2; M= 6.260 1;
Ki=6.1; K,=4.1; C= 0.1 Hg/mL)
1_K3= 10; 2_K3= 5; 3_K3= 3;
4—K3=2; 5—Ks3=1

3.5 Verifying validity of model

Fig. 2 shows AR —t curves derived from exper-
imentally obtained values and fitted values toward the
proposed impedance response model. It can be seen
that AR1 —t curves derived from the fitted results are
very close to the experimental results, with a good-
ness-of-fit of 0. 987 ~ 1. 008. These results show that
the impedance response model can reflect the inhibito-
ry effect of antibiotics on bacteria availably. Of
course, one can obtain different values of K1, K>,
K 3 when this model is applied to different study sys-
tems.

To check the validity of the proposed model
further , the bacterial growth parameters obtained
from the proposed model were compared with those
from Logistic popular growth model. The fitting and

experimental curves of the bacterial relative concen-
tration in the absence or presence of different concen-
tration penicillin are shown in Fig. 6. The fitting re-
sults of the three growth parameters obtained from
two models are shown in Table 2. The results show
that the bacterial growth parameters obtained from
Logistic popular growth model are close to those ob-
tained from the proposed model, which indicates the
correctness of the proposed model again and shows
that PQCI can be used to monitor the bacterial in-
hibitory growth process in real time.

8_

In(N/N)

5 10 15 20 25
Time/h

Fig. 6 Time courses of In( N/ Ng) values fitted

and experimentally obtained at
different concentration of antibiotics
(The lines represent the fitted results and the
symbols is the experimental results;
The concentration of penicillin in solution (Hg/ mL):

1—0; 2—0.05; 3—0.10; 4—0.15; 5—0.25)

4 CONCLUSIONS

PQCI analysis technique has been adapted suc
cessfully to study the inhibitory effect of antibiotics
pollutant on bacteria. By connecting the variation of
motional resistance ( AR1) with Logistics population
growth model, a new impedance response model was
derived for the first time, which can reflect the in

Table 2 Bacterial growth parameters obtained from two models

A B, A
C/(bgemL ")

Proposed Logistics Proposed Logistics Proposed Logistics

0 8.271 8.104 1.286 1.275 6.260 6.299

0.05 6.104 6.051 1. 036 0.961 7.108 7.191

0.10 4. 460 4.174 0. 837 0.818 8.969 8. 647
0.15 3.182 3.098 0.725 0.753 10. 969 10. 747
0.25 1. 857 1.882 0. 494 0. 456 16.410 16.292
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hibitory effect of antibiotics on the bacteria and can be
used to estimate the inhibitory parameters under dif-
ferent concentration of antibiotics pollutant. It maybe
provides useful information for bacterial leaching and
the transferring and absorbance of metal by bacteria
in environment in the presence of antibiotics.
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