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Abstract

The capacity of the microbes to reduce the metal has been demonstrated. The immobilised induced microbes with toxic chemical CuCl,
was used to reduce the Cu ions as elemental metal and by using the response surface methodology the parameters such as the inducer
concentration, the time of inducer addition which are concerned with the growth and formation of specific enzymes and the initial substrate
concentration, initial pH of the substrate solution and the time of reaction which are concerned with the biocatalytic reduction of the
metal ions were optimised for maximum reduction. The elemental copper reduced and removed experimentally from its ionic state at the
optimum conditions was 54.82 ppm. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Heavy metals find their way into the water cycle via the
natural process of erosion, weathering and volcanic activity
[1]. In addition, the human activities like electroplating,
tanning, mining, smelting, burning fossil fuels and trash,
surface treatment and agrochemical processes contribute
significantly to the metals found in natural water [2]. These
metals tend to persist indefinitely, circulating and eventually
accumulating in the food chain, thus posing a serious threat
to the environment, animals and humans. The metal ions
are highly water soluble and highly toxic, thus necessitating
the treatment of wastewater, soils and sediments containing
them. The toxicity of copper to microorganisms is well
documented [3]. In addition, even the presence of relatively
low concentrations of Cu™™ in sewage could significantly
reduce the efficiency of biological sewage treatment, such
as the activated sludge process [4]. Haemolytic anaemia
and hypertension in humans and reduced productivity of
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plants are some of the adverse effects of copper chloride.
The present study involves biocatalytic reduction and re-
moval of CuCl, in aqueous—organic phase by induction of
copper degrading reductase in catabolic repressed yeast by
addition of inducer (CuCl, itself) during the growth phase
of yeast (Saccharomyces cerevisiae).

2. Materials and methods
2.1. Production of cytochrome P45y by S. cerevisiae

Shake flask studies of yeast grown with excess of glu-
cose under catabolic repression conditions was used to in-
duce the Cyt P59 in the yeast cells [5]. The conditions of
cell growth were pH 4.9, agitation 180 rpm, and tempera-
ture 28°C [6] with a headspace of more than 150ml in a
250 ml shaker flask. Cell culture was continued for 43 h to
get the maximum Cyt P45 yield. Similar growth of cells was
done in an external loop airlift reactor for higher produc-
tion. The reactor had the following dimensions: diameter of
the riser was 10x 10~2 m, diameter of the downcomer was
10x 1072 m, height of the riser was 122x 107> m, height
of the downcomer was 90x10~2 m, working volume was
12x1073 m3, total volume was 20x 1073 m3, and air flow
rate was 2.5 m>/(m> min).
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Nomenclature

r regression coefficient
by variables

Y predicted response
Greek symbol

Bi linear effect

Bii squared effect

Bij  interaction effect

Bo offset term

Downstream processing of the cells were done by har-
vesting the cells in a centrifuge at 4°C, 5000g, for 15 min.
The harvested biomass was lysed using cell disrupter and
the microsomes were obtained [7].

2.2. Bioencapsulation

The crude cell lysate was mixed with sodium alginate
in the ratio 1:1 at 4°C till a homogeneous solution was
obtained. It was then dropped into a solution containing
CaCl,, BaCl, and SrCl in the ratio 5:3:2 in a drop-wise
fashion with a syringe from a convenient height to obtain
beads of constant size with a diameter of 0.496 cm [8].

2.3. Analysis

Analysis of Cyt P4s9 was done by the method of Omura
and Sato [9]. Cytochrome in its reduced state with CO to
strive a complex, which has a A« at 450 nm. It was reduced
by the addition of sodium dithionite while CO was added
for complexing with Cyt P459. CO was passed through the
sample tube with Cyt P45 reduced with sodium dithionite at
a controlled rate of 80 bubbles per minute for 10 min. Thus,
the sample was analysed in the double beam spectropho-
tometer and the peak was noted.

Glucose was estimated by anthrone method. Anthrone
reagent was prepared by adding 100 mg of anthrone pow-
der (AR) in 50 ml of concentrated sulphuric acid (AR). The
standards were prepared in the glucose concentration range
10-100 pg/ml. The samples were also collected in 1 ml vol-
ume. To 1 ml of standard and the sample, 4 ml of anthrone
reagent was added and mixed well. The tubes were covered
with marble top and boiled for 10 min; it was then cooled
and the absorbance was measured at 620nm in a double
beam spectrophotometer. The protein was estimated by low-
ery method.

Samples were analysed in atomic absorption spectropho-
tometer of their copper content. At the end of the reaction
the beads were separated and crushed to powder washed
with double distilled water to remove the unreduced metal
ions. The filtrate was then digested with concentrated HNO3
to dissolve the reduced metal inside the bead and was

then taken for analysis after suitable dilution with double
distilled water.

The effect of initial pH, time of reaction and initial sub-
strate concentration was optimised using response surface
methodology for maximum metal reduction capacity of im-
mobilised cell lysate of S. cerevisiae. The time of inducer
addition and the amount of inducer were also optimised
using response surface methodology to produce maximum
substrate specific enzymes.

3. Experimental design

The classical method of studying one variable at a time
while holding all others constant is extremely insufficient
in many cases [10]. Statistically designed experiments are
effective because they supply the needed information about
the shape of the response surface. They are also efficient
because they expend minimum resources. Response surface
experiments attempt to identify the output or response of
a system as a function of the explanatory variables. It is a
very powerful statistical tool to design experiments for op-
timisation. It consists of a group of techniques, which are
used to study the relationships between one or more mea-
sured responses and a number of input (independent) vari-
able [11]. The results of response surface experiments are
used to identify a mathematical relationship between inde-
pendent variable levels and the response, and to optimise the
system response. The interactions among variables are taken
into consideration and the block effects are nullified with
response surface methodology experimental design. Math-
ematics models have been widely used to help explain and
predict the biochemical reactions. Henika [12] developed
and used response surface techniques for many industrial
applications.

A central composite experimental design is used to
acquire data that will fit an empirical, full second-order
polynomial model. A central composite experimental de-
sign coupled with a full second-order polynomial model
is a very powerful combination that provides an adequate
representation of most continuous response surfaces over a
relatively broad factor domain.

3.1. Predicted response surface

The response surface is the one that relates the response
with the variable considered in the study. If X1, X», ..., Xk
are the variables considered, then the response predicted is
given as

n=a¢X1, X2, ..., Xp) (D

The function ¢ is called the true response surface and is
assumed to be a continuous function of X;.

The structural form of ¢ is usually unknown and therefore
an approximating form is sought using a polynomial or some
other type of empirical equation. Observations are made with
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different combinations of the variables (X1, X», ..., Xi)
and the parameters of the model is estimated. Tests are then
performed on the magnitudes of the coefficient estimates as
well as on the model from itself and if the fitted model is
considered to be satisfactory, it can be used as a prediction
equation. The response may be a simple linear equation or
may be a polynomial equation of higher order. However, the
number of observations made should be always greater than
the number of parameters to be estimated.

3.2. The response surface

The relationship n = ¢ (X1, X2,..., X;) between n
and the levels of k factors may be represented by a
“hypersurface”. With k factors, the response surface is a
subset of a (k 4+ 1)-dimensional Euclidean space that can
be represented in a two-dimensional space, whereas the
solid surface is visualised in a three-dimensional space, the
third dimension representing the height of the surface above
the two-dimensional plane. In a two-dimensional response
surface, the lines indicate the locus of points that gives a
particular response. The location of the point of maximum
response is called the “point of maximum response” and
may be obtained by measuring the response function.

4. Results and discussion
4.1. Experimental design and response surface modelling

The variables that affect the biocatalytic reduction of the
metal ions are [8]:

Table 1

1. Initial concentration of the substrate (metal ion) to be
reduced;

Initial pH of the reaction mixture;

Time of reaction;

Concentration of the inducer;

Time of addition of inducer.

DAl

While the first three parameters are optimised for the en-
zymatic reduction reaction, the next two parameters are con-
cerned with the optimisation of S. cerevisiae growth under
induction conditions for enhanced production of metal ion
reducing enzyme. Hence, these three sets of variables need
to be optimised separately. A 23 central composite design
with six axial points (¢ = 1.682) and eight replicates at the
centre point leading to a total of 20 experimental points was
used. The detailed experimental plan is given in Table 1. The
independent variables were coded according to the equation
below:

Pt @
AX;

where x; is the coded value of the variable, X; the uncoded

value of the variable, Xy the value of X; at the central point,

and AX; the step charge.

The coded levels of independent variables and their corre-
sponding uncoded values are given in Table 2. For optimisa-
tion of parameters for S. cerevisiae growth under induction
conditions for enhanced production of metal ion reducing
enzyme, viz., concentration of inducer and time of addition,
a 2% central composite experimental design with four axial
points (¢ = 1.414) and five replicates at the centre point
leading to a total of 13 experiments was used. The detailed

Experimental plan as required by central composite design along with observed and predicted (from model) values of responses for each combination

— biocatalytic reduction of CuCl,

S. No. Initial substrate concen- Time of reaction (h) Initial pH of substrate Amount of Cu formed (ppm)
tration (mg per 100 ml) solution - -
Experimental Predicted
1 18.00 20.00 6.5 24.53 23.86
2 30.00 24.00 8.5 29.53 29.36
3 18.00 28.00 6.5 21.03 18.87
4 42.00 28.00 6.5 28.28 29.55
5 30.00 24.00 8.5 28.09 28.36
6 42.00 20.00 6.5 29.73 29.30
7 18.00 28.00 10.5 27.69 26.16
8 42.00 20.00 10.5 28.73 28.94
9 30.00 24.00 8.5 29.33 27.36
10 18.00 20.00 10.5 28.70 27.47
11 30.00 24.00 8.5 29.66 28.36
12 42.00 28.00 10.5 30.18 29.88
13 30.00 24.00 8.5 28.55 26.18
14 30.00 30.73 8.5 22.49 24.95
15 50.18 24.00 8.5 24.33 24.72
16 9.82 24.00 8.5 10.44 12.82
17 30.00 24.00 11.86 15.22 16.57
18 30.00 24.00 8.5 30.12 26.18
19 30.00 24.00 5.14 10.16 11.58
20 30.00 17.27 8.5 28.05 28.36
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Table 2
Coded levels of independent variables and their corresponding uncoded
levels for CuCl, reduction

Coded levels Uncoded levels

Initial substrate Time of Initial pH of
concentration (mg reaction the substrate
per 100 ml) (h) solution
—1.682 9.82 17.27 5.14
—1 18.00 20.00 6.50
0 30.00 24.00 8.50
1 42.00 28.00 10.50
1.682 50.18 30.73 11.86

Table 3

Experimental plan as required by central composite design along with
observed and predicted (from model) values of response for each combi-
nation — CuCl, induction studies

S. No. Inducer concentration Time of Amount of Cu formed
(mg per 100 ml) addition (h) (ppm)

Experimental Predicted

1 3.75 14.344 46.92 45.18
2 3.75 20.000 51.94 52.03
3 0.57 20.000 38.54 38.54
4 6.00 16.000 42.25 44.08
5 6.00 24.000 34.14 34.35
6 1.50 24.000 37.48 36.84
7 6.9 20.000 39.65 38.45
8 1.50 16.000 40.74 41.72
9 3.75 20.000 52.99 52.03
10 3.75 20.000 52.19 52.03
11 3.75 20.000 51.93 52.03
12 3.75 20.000 50.09 52.03
13 3.75 25.656 34.30 34.85

experimental plan is given in Table 3. The independent vari-
ables were coded according to Eq. (2). The coded levels of
independent variables and their corresponding uncoded val-
ues are given in Table 4.

4.2. Response surface methodology

After obtaining the responses for the experimental com-
binations in Tables 1 and 3, response surface methodology
was used to describe the behaviour of the variables in the

Table 4
Coded levels of independent variables and their corresponding uncoded
levels for self-induction studies of CuCl,

Coded levels Uncoded levels

Inducer concentration
(mg per 100 ml)

Time of addition (h)

—1.414 0.57 14.34
—1 1.50 16.00
0 3.75 20.00
1 6.00 24.00
1.414 6.93 25.56

factorial space considered. Multiregression analysis was per-
formed on the experimental data to obtain a suitable planar
model that will describe the variation of the response with
the change in independent variables. It was observed that lin-
ear models were insufficient to explain the behaviour of the
response (results not shown) and hence, a second-order poly-
nomial equation including any possible interaction terms
was used. The polynomial used is of the form given below:

Y = Bo+ ZBixi + Shix? + TPijxij 3

The above equation was maximised by an iteration proce-
dure to obtain the optimum combination of the variables.
The software package MATLAB was used for this pur-
pose. Another software package, design expert version 2.05
(Stat-Ease, Minneapolis, MN), was used to generate the ex-
perimental design as well to obtain the coefficients in Eq. (3).
The same package was used for the generation of response
surface contour plots for all the five variables considered.

4.3. Optimisation of parameters for biocatalytic
reduction of Cu ion

Factors affecting the biocatalytic reduction of Cu were
optimised first. This was followed by the optimisation of the
Cu ion reducing enzyme (isoenzymes) production to prove
the necessity for self-induction for maximum reduction of
the metal, Cut.

The parameters affecting the biocatalytic reduction are
initial substrate concentration, time of reaction and initial
pH of the reaction mixture. Experiments were conducted as
per the central composite design plan given in Table 1. The
experimental and predicted values of the response are given
in Table 1. It is clear that all the variables being studied
influenced the response significantly. The response varied
from a value as low as 10.16 ppm to a value of 30.18 ppm.
The experimental values are average of two independent runs
within an error of +5%. After the responses were obtained,
multiregression analysis was performed on the data and the
following quadratic response surface model was obtained.

Y =30.27 +3.54X; — 1.01X5 + 1.48X;3 — 2.62X7
+0.17X3 — 4.28X3 4 0.56X1 X>
—1.24X1X3 4+ 0.92X, X3 )

Analysis of variance (ANOVA) for the selected model
reveals that the model is highly significant as shown by F-
and P-values. The value of Fipulated 99.5% confidence level
15 5.97 and Faiistic 1S 6.93 and hence the model accepted at
99.5% confidence level and the probability that the model
will not explain the variations in the response is 0.004 (Ta-
ble 5). The coefficient of determination % is 0.92, which
means that 8% of the total variations in response will not
be accounted by the model.The coefficient of X; (initial
substrate concentration) is higher than the other two vari-
ables signifying that the initial substrate concentration has
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Table 5
ANOVA for the quadratic response surface model for Cu biocatalytic
reduction studies (coefficient of determination, r2 = 0.92)

Source Sum of Degrees of Mean F-value Probability
squares freedom square > F

Model 579.74 9 64.42 6.934 0.0041

Error 83.61 9 9.29

Total 1006.35 19

profound effect on the reduction of Cu. The coefficients of
interaction terms X1 X, and XX3 are low indicating that X
and X», and X, and X3 can be varied independently without
any effect on the reduction. The negative coefficient of X,
and X;X3 explains that they are inversely proportional to
the formation of Cu.

Eq. (4) was maximised using a MATLAB subroutine to
obtain the optimum levels of variables. The optimum points
as predicted by response surface methodology are initial sub-
strate concentration of 40.48 mg per 100 ml, time of reaction
was 28.4h and the initial pH of the substrate mixture was
8.8. The model at the optimum point predicted maximum
Cu ion reduction of 31.12 ppm and a reduction of 35.2 ppm
was obtained experimentally under optimum conditions.

The isoresponse contour plots between variables are given
in Figs. 1-3 . The figures show that higher amounts of Cu is
formed at higher range of initial concentration of substrate,
and the reaction time, while the initial pH of the substrate
mixture at slightly basic range gave best results. The contour
plots (from their centroid points) confirm the optimum levels
of variables obtained.

4.4. Optimisation of parameters for self-induction of
copper ion reducing enzymes

Similarly, the two factors that affect the production of Cu
ion reducing enzymes are the amount of inducer (CuCl,)

13.80

12:41

10-95

pH of substrate soln.

8.82 2884 60-08 7018
Initial substrat conc. mg/100ml

Fig. 1. Contour plot of formation of Cu at different levels of initial
substrate concentration (mg per 100 ml) and pH of the substrate solution.
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Fig. 2. Contour plot of formation of Cu at different levels of initial
substrate concentration (mg per 100 ml) and time of reaction (h).

and the time of addition of the inducer thereby making
the enzyme specific towards Cu ion. Experiments were per-
formed according to the experimental plan given in Table 3.
The experimental values obtained at each combination and
the predicted response is also given in Table 3. The exper-
imental values are the average of two independent experi-
ments within an error of £5%. When the concentration of
inducer was increased from 3.75 to 0.57 maintaining the
time constant at 20 h, a change of about 27% was observed
in Cu formation (run numbers 2 and 3). Similarly, when
the time was varied from 20 to 25.6 h maintaining the in-
ducer concentration constant at 3.75 mg per 100 ml a change
in Cu formation by 34% was observed (run numbers 12
and 13).

Multiregression analysis was performed on the data to
obtain a quadratic response surface model of the form
given in Eq. (3). The second-order response surface model

12.36
T
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> \
s 27.43——————
© 7.66
T
a —
6.34 21-87
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17-27 28.31 3836 60-38

Time of reaction (hours)

Fig. 3. Contour plot of formation of Cu at different levels of pH of the
substrate solution and time of reaction (h).
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Table 6
ANOVA for the quadratic response surface model for Cu induction studies
(coefficient of determination, 2 = 0.97)

Source Sum of Degrees of Mean F-value Probability
squares freedom square > F

Model 617.10 5 12342 5022 0.0001
Error 17.20 7 2.45
Total 634.30 12
obtained was
Y =52.03 — 0.03X; —3.65X, — 6.77X?

—6.01X5 — 1.21X1 X, (5)

ANOVA (Table 6) of the regression model shows that the
model is highly significant as evident from the low P-value
(0.0001) and from the Fischer F-test. Fyupistic = 50.22,
while Fiapulated for 99.5 confidence level is 9.52. Hence,
the model is accepted at 99.5% confidence level. The co-
efficient of determination r* for this model is 0.97. The
coefficient of determination is a measure of correlation
between the experimental and predicted values and it
gives the goodness of fit for the model. 7>-Value of 0.97
indicates that only 3% of the total variations are not ex-
plained in the model.Eq. (5) was maximised to obtain
the optimum levels of variables. The optimum levels of
variables were: concentration of inducer was 3.8 mg per
100ml and time inducer addition was 18.8 h. Maximum
Cu ion reduction of 53.79ppm at optimum conditions
was predicted by Eq. (5), while a maximum reduction of
54.82 ppm was obtained experimentally under optimum
conditions.

The isoresponse contour plot between variables is given
in Fig. 4. The contour plots (centre of the circle) confirm
the optimum points obtained earlier.

26.88
34.1
i~ 23‘77‘/ 38702
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c
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o
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g 43.80
£ 16233502 48.87
34
14.34 \\ ) ] )
0-688 2.688 4.8l 6.932

Inducer conc. mg/100ml

Fig. 4. Contour plot of formation of Cu at different levels of inducer
concentration (mg per 100ml) and the time of addition (h).

5. Conclusion

Reduction of CuCl, varied from a very low value to a
value as high as 52.99 ppm after optimisation. The interac-
tion between all the parameters were not so significant indi-
cating that the variables can be altered independently. The
initial substrate concentration has got a predominant effect
on the reduction of CuCl,. The optimal condition for CuCl,
induction is 3.8 mg per 100 ml as inducer concentration and
the time of addition was 18.8 h. While the optimal condi-
tions for biocatalytic reduction are, initial substrate concen-
tration was 40.48 mg per 100 ml, time of reaction was 28.4 h
and the initial pH of the substrate mixture was 8.8.

The regression models obtained were able to explain the
experimental result with high levels of significance. ANOVA
demonstrates that the polynomial model is adequate for de-
scribing the relationship between response and the variables
in both the metal studies.

Thus, using the response surface technique it was pos-
sible to examine the biocatalytic reduction process with a
relatively small set of experiments. It was also possible to
assess the influence of individual variables on metal biocat-
alytic reduction and study interaction among them using the
response surface model. The contour plots and the regres-
sion equations were able to predict the contribution of opti-
mum levels of variables. The optimum points were verified
experimentally and were found to be real optima as the re-
sponse obtained under optimum conditions was higher than
any other combination of variables.
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