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Response surface methodological approach
for optimizing the enzyme activity and
enzymatically mediated bioprecipitation of
heavy metals by alkaline phosphatase

ABSTRACT

This study investigates using an alkaline phosphatase enzyme isolated from Bacillus
cereus to decontaminate heavy metals. The experiments were performed with several
process parameters, including substrate concentration, pH, and temperature. To
optimize the best experimental conditions, they were estimated by using a central
composite experimental design combined with response surface methodology (RSM).
Variables were concentration of substrate ((p-NPP 14 to 17 mM), pH 8 to 10.5,and
temperature (35 to45°C). Statistical analysis of variance (ANOVA) was performed to
classify the competence of the developed model and revealed a good understanding
between the experimental data and the proposed model. The highest enzymatic activity
25.73 units/ml was identified by the RSM with the following optimal set of
parameters: concentration of substrate 15.5 mM, pH 9.25, and temperature 340C. The
accuracy of the predicted model optimum parameters was confirmed by experimenting
under the same parameters. It was found that the experimental enzyme activity
efficiency under optimum conditions was very close (less than a 3% error) to the
model-predicted value. The removal efficiency of each heavy metal was found to be
in the following order: Hg >Pb>As.

Key words: Bacillus cereus, Alkaline phosphates, Response surface methodology,
Bio-precipitation

Introduction

Soil pollution by different pollutants, suchas heavy metals,

of these studies have been performed in heavy metal-treated
soil (Khanetal., 2007).

Alkaline phosphatases are known in a broad variety of

hydrocarbons, pesticides, and petroleum can lead to biological
as well as serious environmental effects and also affects soil
fertility (Kasassi et al., 2008; Smith, 2009). This pollutant not
only harms human beings and animals, they can leach into soil
and water and affect the microorganisms living in the soil as
well (Sreedevi et al., 2022). The pollutants can directly
influence the properties of important microbial enzymes found
in the topsoil, which play major roles inthe decomposition of
organic matter. Heavy metal pollutants present in soil can
cause harmful effects. The permissible limit of heavy metal in
the soil (mg/kg) is Hg (30), Cd (6), Zn (600), As (3) Mn (20),
Pb (500), Cu (270), Ni (75), Cr (50) (Kasassi et al., 2008).
These heavy metals can go through redox cycling, which then
causes oxidative stress in soil organisms and compete for
metal-cofactor binding of metalloenzymes to their
inactivation.

Currentstudies focus onthe effect of heavy metal pollution
on the soil enzymes that have been used for the following
studies; dehydrogenase, cellulose, beta-glucosidase, phenol
oxidase, amidase, urease, phosphatase, and arylsulphatase. All
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bacteria and mammals, which proficiently hydrolyze some
mono and di-esters (Hoylaerts et al., 1997). The enzyme
alkaline phosphatase precipitates metal ions as insoluble metal
phosphate. In recent years, alkaline phosphates have been
considered for application in the bioremediation of heavy
metals from industrial wastes. A serine residue situated at the
catalytic site of the enzyme initially gets phosphorylated and
after hydrolysis either phosphor anhydride or phosphor ester,
that intermediate undergoes the production of inorganic
phosphate (Nayudu & Meis, 1989). This can bind with metal
and successively precipitate it as metal-phosphate.

Response surface methodology is a modern sophisticated
statistical technique, developed by Box and Wilson in 1951.
RSM is commonly used for optimizing process variables and
their interactions affect the response. This mathematical
approach enables the designing of experiments; output
variables are analyzed, which is influenced by input variables.
RSM helps to reduce problems related to traditional
optimization methods and helps to reduce the experimental
trials (Tabssum et al., 2018). This mathematical approach has
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been extremely employed for the optimization of remediation
and extraction processes (Wrdbel et al., 2023).

The current study was designed to optimize the alkaline
phosphate activity using response surface methodology to get
the highest precipitation of heavwy metals. The substrate
concentration, pH, and temperature parameters were
optimized through the CCD of RSM. We also examined the
multiple heavy metals (As, Pb, and Hg) precipitationassays on
alkaline phosphatase activity.

Materials and Methods

Enzyme and chemicals

The purified alkaline phosphatase from Bacillus cereus
isolated from Gewra coal mine Korba, Chhattisgarh
(22.336312,82.545748) was used throughout the experiments.
Heavy metals HgClz, Pb (NOs)2, NaAsO, and other chemicals
were procured by Sigma- Aldrich Chemical Company, USA.

Screening of Bacillus cereus capable for production of
alkaline phosphatase

Phosphatase agar plate was used for screening. The test
microorganism was streaked onto the Phosphatase agar plate.
The streaked plate was then incubated in a bacteriological
incubator at 37°C for 24 hours. Positive results are indicated
by the appearance of yellow colorationinthe mediaaround the
streaked microorganism (Xianetal., 2015). The production of
Alkaline phosphatase enzyme was done by submerged
fermentation (Peptone- 13.5 gm/L, Sodium Chloride- 5gm/L,
Beef extract- 1.5gm/L, yeast extract -3.0gm/L, Dextrose-
25gm/L, Magnesium sulphate (MgSO4)—0.8gm/L, Manganese
sulphate (MnSO4)- 0.015gm/L, Calcium Chloride (CaClz)- 1
gm/L, di-Potassium Hydrogen orthophosphate (K2:HPQOa)-
1.5gm/L, Distill water- 1000ml, pH-7.2+0.2.) (Holtz &
Kantrowitz, 1999).

Purification of alkaline phosphatase enzyme

100mL of the crude supernatant enzyme was salt
precipitated using 80% ammonium sulphate salt saturation.
Salt precipitated crude supernatant was transferred to
the dialysis membrane. The dialysis processwas carriedout on
0.001M dialysate buffer for at least 36-48 hours. Dialysed
crude supernatant enzyme then purified through lon exchange
chromatography. DEAE cellulose was used as the stationary
phase and six elutes were prepared with definite
concentrations of Tris HCI and gradient concentrations of
Sodium chloride (NaCl) such as Elutes such as | (25mM Tris
HCI & 25mM NaCl), Il (25mM Tris HCI & 50mM NaCl), 111
(25mM Tris HCI & 75mM NaCl), IV (25mM Tris HCI &
100mM NaCl), V (25mM Tris HCl & 125mM NaCl), and VI
(25mM Tris HCI & 150 mM NaCl) (Cummins etal., 2017).

Enzymatic assay of alkaline phosphatase
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The alkaline phosphatase assay was the standard assay
based on the hydrolysis of the colorless p-
nitrophenylphosphate (pNPP) to produce the yellow-colored
phenolate anion (Brunel & Cathala, 1973). Total reaction
mixture containing 0.5 ml 15.2 mM pNPP in Tris buffer as
substrate and reaction started by adding 0.1 mL enzyme
solution and incubated at 37°C for 10 minutes. After
incubation 10 ml 20mM NaOH was added and the absorbance
was measured at 410 nm using a spectrophotometer
(Systronics, AU2701). Enzyme activity was calculated by
following equation.

) ~ (Units
Enzymatic activity ( o ) =
_ (A410nm Test — A410nm Blank)(11.1)(df)

(18.3) (0.1) (10)

Quantitative estimation of protein estimation

The quantitative estimation can be estimated by the Lowry
method. For standard calibration curve, Bovine Serum
Albumin (BSA) is universally used as a standard protein.
The BSA Standard calibration curve was prepared by plotting
Mean Absorbance at 660nm (y-axis) to standard BSA
concentration (x-axis). The total protein content of samples
was determined from the absorbance of the sample. The
absorbance so obtained for the sample is plotted on the BSA
Standard calibration curve to get the Total protein content
(pg/ml equivalent of BSA). The slope equation for each
calibration curve was established from the slope equation
y=mx + ¢ (Sengupta & Chattopadhyay, 1993).

Characterization of alkaline phosphatase

Sodium Dodecyl sulphate- Poly Acrylamide Gel
Electrophoresis (SDS-PAGE) method was wused for
the separation of fractions of proteinbased on the mass. The
separating gel (10%) was first poured in gel castor and then
poured stacking gel (4%), after that, a protein sample of 50 uL
was loaded into the wells. The power supply was turned on
from the Electrode powerpack and the supply of potential was
continued upto 2 % hours continuously (Anand et al., 2017).
After the proteinsample runs in PAGE gel put into the staining
buffer overnight. After incubation gel was transferred into the
destaining solution, for 1 to 2 hours. The protein bands were
then observed as the protein was stained by Commassie
Brilliant Blue stain (Al-Tubuly, 2000; Battisti etal., 2024).

Optimization of enzyme activity using RSM

Response Surface Methodology is multivariate statistical
software to scrutinize the bio-precipitation process of heavy
metals and provides better resultsto optimize enzyme activity
as well as bio-precipitation (Kumari & Gupta, 2019). The
RSM procedure includes four stages: (1) a series of designed
experiments to get the desired target response, (2)
a mathematical response model, (3) the establishment of
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maximum and minimum response value for optimal
parameters (4) the analysis and representation of process
parameters with 2D and 3D plots (Beheraetal., 2018).
Central composite design (CCD) is used to evaluate the
quadratic response surface aswell as second-order polynomial
model development in RSM. In this study, CCD was
developed using Design Expert (13.0; Stat Ease, USA) for
optimizing three variables i.e. Substrate concentration,
Temperature, and pH on enzyme activity. An analysis of
variance (ANOVA) test was used to obtain the regression
coefficients of linear, quadratic, and interaction terms
(Sasidharan & Kumar, 2022). The linear, two-factorial
interaction (2FI), quadratic and cubic functions are the most
widely used mathematical models. The following equations
could be used to express four models (Fertuetal., 2022).
Linear

Y =8+ Z(Bixi +¢€)
i=1

2Fi
m m
Y:BO +Zﬂle +Z ﬁleX]‘}‘ €
i=1 {==2
Quadratic
m m m
Y=p8+ ZBiXi +ZﬁiiX2ii +X 2 Bij XiX;
i=1 i=1 <=2
Cubic

m
LiBXi+ Xy BuX2y + X X BiiXiX; +
m
22X Zi<i<k=3ﬁiijin X

To optimize enzyme activity of alkaline phosphatase
experiments were designed for pH (8 to 10.5), incubation
temperature (28°C to 40°C) Substrate Concentration (p-NPP
varying from -14.0 to 17.0 mM). Table 1 shows the actual
values of the factors and their corresponding coded levels.

Heavy metal decontamination by Bio-precipitation

The determination of heawy metal decontamination by
precipitation method evaluated the previously described
process by Fu and Wang (2011) using atomic absorption
spectroscopy (Agilent 240FS AA). In thismethod heavy metal

Table 1. Independent variable and corresponding levels for
enzyme activity.

Independent variables Coded levels

-0, -1 0 +1  +a
pH 621 8 9.25 105 11.36
Temperature (in
centigrade) 26.31 28 34 40 4161
Substrate Concentration
(inmM) 12.45 14 15.3517  18.45

http://www.jbb.uni-plovdiv.bg

50 mg/L (Pb*2 and Hg*?) and As*® 25 mg/L, 200 U enzyme, 50
mM Ascorbic acid was incubated at 37 °C for 300 minutes
incubation periods. The percentage of precipitation was
calculated by the following equation:

* 100

a
Percentage of Precipitation (x) =

where:

x — Percentage of heavy metal precipitation,

a — Initial concentration of heavy metal in initial aliquot (at
time = 0 minutes),

b —Final concentration of heawy metal in final
aliquot/supernatant (sample drawn at different time intervals).

Model validation

The mathematical model generated by the RSM (Design
Expert) approach was validated via performing experiments
on specified optimal settings and statistical t-tests with
different statistical parameters such as coefficient of
determination (R2), adjusted R2 (R2adj), and predicted R2
(R2pred).

Results and Discussion

The bacteria that produce the Alkaline Phosphatase
enzyme, remowve the phosphate group from substrate p-
nitrophenol phosphate (colorless) to p-nitrophenolate (yellow
color) that turns the color of the media to yellowcolor. In the
screening process, Bacillus cereus had shown positive for
phosphatase activity indicating the production of yellow
coloration inthe media (Figure 1). After screening of bacteria
capable of production, the seed culture for Bacillus cereus wes
prepared. After a Bacterial suspension culture of 05
Macfarland unit (Cockerill & Franklin, 2012), with the
absorbance of the bacterial suspensionequivalent to 0.08-0.1
at 600nm, were selected for inoculation into the sterile
production media broth. A 5% inoculum size was selected for
the production media.

1 " & ‘-,,}‘
Figure 1. Screening for production of Alkaline phosphatase
enzyme by Phosphatase agar media.
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Purification of alkaline phosphatase

The alkaline phosphatase enzyme produced by Bacillus
cereus was extra-cellular. So, the enzymes were produced
outside of the cell inthe production media. Then the mediawas
centrifuged at 10,000 rpm for 15 minutes. The supernatant
contained the crude enzyme fraction. The purification is
mainly composed of three major steps: Salt precipitation,
Dialysis, and ultra-purification by lon Exchange
chromatography. Salt precipitation was the first step for the
purification of crude alkaline phosphatase enzyme. The
Ammonium sulphate was added pinch by pinch to the
supernatant to initially obtain 20% saturation and then for an
hour the salts were added to finally obtain 80% of ammonium
sulphate salt saturation. The salt-saturated sample was kept in
the refrigerator overnight (~4°C). After overnight incubation,
centrifuged at 10,000 rpm for 10 minutes at ~4°C. The pellet
was collected and re-dissolved in the equivalent volume of
0.1M Tris-Glycine buffer (pH= 8.8). In the dialysis process,
the protein samples prepared through salt precipitation were
kept in dialysis bags. The dialysis bag containing the enzyme
sample was placed in a low-concentration dialysate buffer.
Due to the higher concentration of salts and contaminants in
enzyme solutionwithin the dialysis bag, they tend to come out
to the dialysate buffer by diffusion through the pores in the
bags. The enzyme molecule afterward elutes out of the
stationary phase and is collected in the elution fraction and the
enzymatic activity of each enzyme fraction was analyzed. The
enzyme elutes having higher enzyme activity contains the
Alkaline phosphatase enzyme. The highest enzyme activity
recorded was at Elution no. 4 which contained 25.475 U/ml
enzyme activity.

Enzymatic assay

Changes The enzymatic activity of the alkaline
phosphatase enzyme is determined by the rate of conversion of
p-nitrophenol phosphate to p-nitrophenol/p-nitrophenol in
alkaline conditions. The enzyme activity of Crude extract was
39.426 U/ml. In the case of the purified sample salt
precipitation and dialysis sample, the enzyme activity was
41.852 U/ml and 37.606 U/ml respectively. The ion exchange
sample had 25.475 U/ml of enzyme activity.

Quantification of protein

The estimation of Total protein content for the different
enzyme samples was done by Lowry’s test. The standard
calibration curve of Bovine Serum albumin (BSA) was first
established. (Figure 2). The concentration of protein in the
enzyme samples was determined by a standard calibration
curve. The crude enzyme extract contains 265.86 pg/ml. The
salt precipitation and dialysis samples contained 176.21 pg/ml
and 153.85pug/ml respectively. However, the Purified enzyme
fraction(lonexchange elution4)was found to be 110.45pg/ml
(Figure 3).
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Figure 2. Standard Calibration curve of BSA for Lowry’s
method.
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Figure 3. Quantitative estimation of protein.

Characterization of alkaline phosphatase enzyme

For the determination of the molecular weight of the
protein, the protein sample has been run along with a ladder
proteinwith a definedmolecular weight. The molecular weight
of the sample protein was determined from the migration
distance. The retardation distance so obtained for the sample
is plotted on the Retardation distance calibration curve of the
Ladder protein to get the molecular weight of the sample
protein (kDa) The slope equation for each calibration curve
was established from the slope equation.

y=mx+c
where:
y — Retardation distance,
m — Slope,
X — Molecular weight of standard protein (kDa),
¢ — Intercept.

DOI: 10.69085/jbb20242139
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From Standard ladder protein calibration curve (Figure 4), Experiments were performed for the enzyme activity using
the molecular weight of unknown proteincan be determined  Design Expert model 13.0; Stat-Ease, USA. The optimization
by putting the retardationdistance (inmm) (y) ofthe unknown  experiment was used to get higher enzyme activity, various
proteinagainst the molecular weight of known standard ladder  numerical combinations were set to maximize the model
protein (Figure 5).

Ladder protein  Purified alkaline

35 1 phosphatase
— 30 - y=-03032x+421531 B
& 1=0,9605 i +—— S
E 25 29 i D1 4
e BiD < S
= . —> 6lkDa
= 20 - BID1 e —
'_; 15 -
E 10 -
=
- 5 o
Figure5. Agarose gel electrophoresis image.
0 T T J;_)' 1
0 50 100 150 . _— . .
Standard Ladd o ocul ght functions. The optimized conditions of the highest responses
an adder protein molecular wel m .. R _
Kilodaltons kDa) for enzyme activity were obtained at pH - 9.25, temperature at

34°C, and substrate concentrationat 15.5 mM (Figure 6). At
optimized conditions, 25.73 unit/ml enzyme activity was
predicted. The optimum conditions obtained via the program
were further validated to confirm the enzyme activity through
additional experiments. These additional confirmatory

Figure 4. Calibration curve of Standard Ladder protein for
molecular weight determination.

y—42.53 experiments reported 25.65 unit/ml enzyme activity, compared
Unknown Molecular weight (x) === with the obtained model result validated the accuracy of the
model.

Analysis of variance (ANOVA) results forenzyme activity
models are given in Table 2. The “F-value” of the developed
model was found to be 6.41 enzyme, illustrating that all these
Optimization of experimental condition of enzyme activity models are statistically significant. The values of “Prob > F”

From the above equation, the molecular weight of the
purified alkaline phosphatase was found to be ~ 61 kDa.

Factor Coding: Actual

Response: AKP activity (Unit/ml)

[ ) Design Points

—=-95% C| Bands

Actual Factors:

A =925

B=34

C=155 N WarningtFactor invoied in multple interactions,

AKP activity (Unit/m)
AKP activity (Unit/mi)
AKP activity (Unit/mi)

A pH B: Temperature (°C) C: Substrate concentration (mM )
Figure 6. Numerical optimization of processvariablesfor enzyme activity.
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Table 2. ANOVA of quadratic response surface model for enzyme activity.

Source Sum of Squares df Mean Square F-value p-value Remark
Model 834.92 9 92.77 6.41 0.0038 significant
A-pH 0.6859 1 0.6859 0.0474 0.8321
B-Temperature 186.49 1 186.49 12.88 0.0049
C-Substrate concentration 15.06 1 15.06 1.04 0.3319

AB 1.70 1 1.70 0.1175 0.7388

AC 1.93 1 1.93 0.1333 0.7226

BC 0.0010 1 0.0010 0.0001 0.9935

A? 255.60 1 255.60 17.65 0.0018

B? 432.89 1 432.89 29.89 0.0003

C? 7.18 1 7.18 0.4959 0.4974

Residual 144.82 10 14.48

Lack of Fit 139.96 5 27.99 28.76 0.0011 significant
Pure Error 4.87 5 0.9733

Cor Total 979.74 19

were obtained less than 0.0500, signifying that all the models.
The modelterms B, A2, and, B2 are found to be significant for
the enzyme activity model are found significant, and p values
forall the modelswere observedto be <0.001, representingthe
significance level for developed models. The model terms are
insignificant if the p-values are higher than 0.10. In addition,
other statistical parameters such as coefficient of
determination (R2), adjusted R2 (R2 adj), predicted R2 (R2
pred), and coefficient of variation (CV%), were also needed to
evaluate the proficiency of developed models.

Table 3. Model statistics of the developed model.
Statistical parameters  Values of developed model

R? Enzyme activity

Adjusted R? 0.7191
predicted R? -0.0997
Adeg. Precision 8.0702
Std. dev. 3.81

:::EEA:\P:JZM Normal Plot of Residuals

AKP activity:

wr [ ]=m |

; ]
Normal% v;;:ébmty - \:l‘:I
L 8

Externally Stusientized Residuals

R2 values and adjusted R2 for enzyme activity were found
to be 0.8522 and 0.7191. The standard deviation for the model
was also found to be 3.81. The R2 values close to the standard
deviation values of the dewveloped model present a better
predicting response. Adeq Precision evaluates the signal-to-
noise ratio, the model is desirable if the ratio is more than four.
In this study, the obtained ratio for the model was found to be
8.0702, suggesting the existence of a satisfactory signal for
navigating the design space. The statistics of the developed
modelare mentionedin Table 3. The actual values obtained by
the CCD response are measured and the predicted response is
evaluated by using the estimated function values for model
estimation. Astraight line was observed in normal percentage
probability as opposed to externally studentized residual plots
for all these models, consequently presenting a normal
distribution of data (Figure 7).

Response: AKP activity
Color points by value:
AKP activity: 0]

o7 =73

Predicted vs. Actual

Predicted

Figure 7. Graphical plot of predicted Vs actual values of Enzyme activity.
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2D contour graphs and 3-D surface plots analysis

To evaluate the combined outcome of the factors on
enzyme activity, the graphical presentation was presented in
2D contour graphs and 3-D surface plots for regression
equation. The 2D contour plot represents that the highest
enzymatic activity was obtained in substrate concentration
15.5mM, temperature 340C, and pH 9.25. But, when the
concentration of substrate for enzyme activity was increased,
enzyme activity was decreased. The enzymatic efficiency was
obtained as proof from 3D surface plots (Figure 8).

Cube plot

The outcome of the developed experimental models is
presented by cube plot. The axis represents all the
experimental design factors, whereas the coordinate point
shows the outcome. The values presented inside the cube
representthe predicted highest enzyme activity by the variable
used in this study. Minimum enzyme activity (18.81%) was
achieved at pH 8.0, temperature of 28°C and, substrate
concentration of 14mM, while maximum enzyme activity was
achieved at pH - 9.25, the temperature at 34°Cand substrate
concentrationat 15.5 mM (25.73 unit/ml) (Figure 9).

AKPactivity Uniymi)

Factor Coding: Actual
Response: AKP activity (Unit/ml)
Predicted values shown

Cube
AKP activity (Unit/ml)

9.26219 8.873

B+:40 123222 9.96896

B: Temperature (°C)

157079 17.16; C+:17

> Substrate concentration (MM )
T

B-:28 18.8129 18.3047 C:14
A8 A+:105

Figure 9. Cube plotfor enzyme activity.

Heavy metal decontamination

The precipitation experimentation regarding bio remedial
activity of alkaline phosphatase enzyme against different
heavy metals was shown in Table 4.

fadar (oding: Ackal

3DSuface

O telowsur e

167 [ Jan

Actal Facor:
A=925

Fador Gaing Actual
Repon = AKPachvity( thitinl)
Daign Purks:

Figure8.2D Contour and 3D surface plots for enzyme activity (A) pH, (B) temperature, (C) substrate concentration.

http://www.jbb.uni-plovdiv.bg

145
DOI: 10.69085/jbb20242139



ISSN 1314-6246 Vaishnav et al.

J. BioSci. Biotechnol.

2024, 13(2): 139-146

RESEARCH ARTICLE

Table 4. Bio-precipitation of heavy metals by alkaline phosphatase.

g|. Initial concentrationofheavy Final concentrationof heavy metal ~ Time Percentage of heavy
No metal ininitial aliquot infinal aliquot/supernatant interval metal precipitation
(inmg/L) (a) (inmg/L) (b) (in minutes) (%)
1. 50(Ph) 05.00 300 80.00
2. 50 (Hg) 23.50 300 48.00
3. 25(As) 18.00 300 28.00
Fertu DI, Bulgariu L, Gavrilescu M. 2022. Modeling and
Conclusion optimization of heavy metals biosorption by low-cost sorbents

Response surface methodology was adapted to optimize
the enzyme activity parameters through alkaline phosphatase
from Bacillus cereus. The parameters assessed included
substrate concentration, Temperature and, pH. These were
optimized using CCD of Response surface methodology and
the parameters of best enzyme activity were found to be
temperature at 34°C, at pH - 9.25 and, substrate concentration
at 15.5 mM. Maximum enzyme activity under these conditions
was found to be 25.73unit/ml, but a decrease in efficiencies
was reported at higher concentration.

References

Al-Tubuly AA. 2000. SDS-PAGE and Western Blotting. Methods
Mol. Med., 40: 391-405.

Anand G, Yadav S, Yadav D. 2017. Production, purification and
biochemical characterization of an exo-polygalacturonase
from Aspergillus niger MTCC 478 suitable for clarification of
orange juice. Biotech., 7: 122.

Battisti JA, Rocha GB, Rasbold LM. 2024. Purification, biochemical
characterization, and biotechnological applications of a
multifunctional enzyme from the Thermoascus
aurantiacus PI3S3 strain. Sci. Rep., 14: 5037.

Behera SK, Meena H, Chakraborty S, Meikap BC. 2018. Application
of response surface methodology (RSM) for optimization of
leaching parameters for ash reduction from low-grade coal.
International Journal of Mining Science and Technology, 28:
621-629.

Brunel C, Cathala G. 1973. Activation and inhibition processes of
alkaline phosphatase from bovine brain by metal ions (Mg2+ and
Zn2). Biochimica et Biophysica Acta (BBA) — Enzymology,
309(1): 104-115.

Cockerill A, Franklin R. 2012. Methods for dilution antimicrobial
susceptibility tests for bacteria that grow aerobically; Approved
standard -Ninth Edition. CLSI. p. 12.

Cummins PM, Rochfort KD, O'Connor BF. 2017. lon-Exchange
chromatography: Basic principles and application. Methods Mol.
Biol.,1485: 209-223.

Draper NR. 1992. Introduction to Box and Wilson (1951) on the
experimental attainment of optimum conditions. - In: Kotz S &
Johnson NL (eds), Breakthroughs in statistics. Springer Series in
Statistics. Springer, New York, NY.

146
http://mwwv.jbb.uni-plovdiv.bg

using response surface methodology. Processes, 10: 523.

Fu F, Wang Q. 2011. Removal of heavy metal ions from wastewaters:
areview. J. Environ. Manag., 92(3): 407-418.

Holtz KM, Kantrowitz ER. 1999. The mechanism of the alkaline
phosphatase reaction: insights from NMR, crystallography and
sitespecific mutagenesis. FEBS Lett., 462 (1-2): 7-11.

Hoylaerts MF, Manes T, Millan L. 1997. Mammalian alkaline
phosphatases are allosteric enzymes. J. Biol. Chem., 272 (36):
22781-22787.

Kasassi A, Rakimbei P, Karagiannidis A, Zabaniotou A, Tsiouvaras
K, Nastis A, Tzafeiropoulou K. 2008. Soil contamination by
heavy metals: Measurements from a closed unlined landfill.
Bioresource Technol., 99(18): 8578-8584.

Khan, S., Cao Q, Hesham AEL, Xia Y, He JZ. 2007.Soil enzymatic
activities and microbial community structure with different
application rates of Cd and Pb. J. Environ. Sci. (China), 19(7):
834-840.

Kumari M, Gupta SK. 2019. Response surface methodological
(RSM) approach for optimizing the removal of trihalomethanes
(THMs) and its precursor’s by surfactant modified magnetic
nanoadsorbents (SMNP) - An endeavor to diminish probable
cancer risk, Sci. Rep., 9: 18339.

Nayudu RV, Meis LD. 1989. Energy transduction at the catalytic site
of enzymes: hydrolysis of phosphoester bonds and synthesis of
pyrophosphate by alkaline phosphatase. FEBS Lett., 255 (1): 163-
166.

Sasidharan R, Kumar A. 2022. Response surface methodology for
optimization of heavy metal removal by magnetic biosorbent
made from anaerobic sludge, J. Indian Chem. Soc., 99(9):
100638.

Sengupta S, Chattopadhyay MK. 1993. Lowry's method of protein
estimation: some more insights. J Pharm Pharmacol., 45(1): 80.

Smith SR. 2009. A critical review of the bioavailability and impacts
of heavy metals in municipal solid waste composts compared to
sewage sludge. Environ. Int., 35(1): 142-156.

Sreedevi PR, Suresh K, Guangming J. 2022. Bacterial bioremediation
of heavy metals in wastewater: A review of processes and
applications. Journal of Water Process Engineering, 48: 102884,

Tabssum F, Irfan M, Shakir HA. 2018. RSM based optimization of
nutritional conditions for cellulase mediated Saccharification
by Bacillus cereus. J. Biol. Eng., 12: 7.

Wrobel M, Sliwakowski W, Kowalczyk P, Kramkowski K,
Dobrzynski J. 2023. Bioremediation of heavy metals by the genus
Bacillus. Int. J. Environ. Res. Public. Health., 20(6): 4964.

Xian Y, Wang M, Chen W. 2015. Quantitative assessment of soil
enzyme activities of heavy metal contaminated soils with various
soil properties. Chemosphere, 139, 604-608.

DOI: 10.69085/jbb20242139



