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Abstract

Background: Toxic heavy metals, such as lead, are widely used in industry and may cause serious health problems and ecological
hazards for living organisms.

Objectives: The current study aimed to investigate the removal efficiency of lead by Lactobacillus strains using a methodological
approach.

Methods: After selecting the bacteria with the maximum metals removal ability, experiments were conducted according to (i) the
Plackett-Burman design (Minitab18 program)to screen several significant process factors and (ii) Central Composite Design (Design-
Expert 11.1.2.0 program) to find out the optimum process conditions for the maximum capacity of metal removal efficiency.
Results: The optimum pH, metal, and bacterial concentration were 6.76,391 mg.L", and 4.60 g.L" for lead removal ability of L. aci-
dophilus ATCC4356. A quadratic model was developed to correlate the variables with removal efficiency. According to the results,
this model was not statistically significant (P> 0.05).

Conclusions: The experimental removal efficiencies at the optimum condition for lead by L. acidophilus ATCC4356 (73.9%) were
consistent with the predicted values. Consequently, due to their appreciate efficiency and the lower cost of the lead removal ability,
these two bacteria may be a candidate as good biosorbents. The results also confirmed that the Response Surface Methodology is an

appropriate methodology for modeling of removal efficiency.
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. Background

Lead (Pb) is one of the most abundant toxic heavy met-
als which tends to accumulate in living organisms and
causes a variety of adverse health effects for humans (1-4).
In humans, exposure to lead can cause renal, skeletal, hep-
atic, pulmonary, neurologic and hematological, cardiovas-
cular, reproductive, and cardiovascular dysfunction (5-8).

In recent years, due to the expansion of industrial ac-
tivities, contamination in the environment and the food
chain has increased (9); Therefore, the digestive system
of the body is prone to lead contamination (10). Since
pollution caused by heavy metal has severe health conse-
quences, their removal is of crucial importance. Recent
studies were mainly focused on discovering new and cheap
methods of metal ions removal (11). Among the conven-
tional treatment methods, ‘adsorption’ has attracted con-
siderable attention in recent years, mainly because of its
metal binding capacities and cost-benefits (4). Since the dy-
namic characteristics of the adsorption process are com-

plex, having the optimum working condition is essential
to achieve optimum pollution removal efficiency. Adsor-
bents may be of mineral, organic, or biological origin by
using live or dead microbial organisms (2). According to
the literature, lactic acid bacteria (LAB) have efficient re-
moval ability among the microbial organisms (5, 12-14). Re-
cently, several studies have reported that LAB, and more
particularly lactobacilli, which are generally recognized as
safe probiotics, could identify heavy metals in food and wa-
ter and perhaps gastrointestinal tract as well, due to their
heavy metals binding ability (15, 16). Therefore, the appli-
cations of LAB in the food industry and probiotics products
have expanded recently (6,12). The ability to bind lead is re-
ported for several probiotic and food-grade Lactobacillus
strains (12,17, 18).

2. Objectives

Several studies showed that culture conditions sub-
stantially affect the removal ability of heavy metals by mi-
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croorganisms (2, 5, 7, 18). However, the effects of culture
conditions on lactobacilli removal efficiency against lead
are less investigated (8). Several optimization techniques
are developed to achieve this goal (7). Classical and con-
ventional methods cannot depict all factor combinations
which can affect the experiments. Meanwhile, determin-
ing the optimum level using these methods requires a lot
of time. The current study has used the Response Sur-
face Method (RSM), which is a mathematical and statis-
tical technique to investigate the association between a
group of controlled experimental factors and measures’
responses according to one or more criteria (10, 19-21). The
RSM is one of the most widely used methods as it devel-
ops, improves, and optimizes the processes, particularly
in the presence of complex interactions (22). The greatest
advantage of the RSM with CCD or Box-Behnken design is
decreasing the number of experimental trials required to
interpret multiple parameters (23). Therefore, the current
study aimed to investigate how the cultural and bacterial
conditions can affect lead removal ability of examined lac-
tobacillus strains and to select the optimum conditions for
removal activity.

3. Methods

3.1. Heavy Metals

Lead (2mg.mL")stock solutions were prepared from Pb
(Nos), (Sigma-Aldrich), respectively, in Milli-Q water. The
stock solutions were sterilized by passing through a 0.22
pm syringe filter and then stored at 4°C until use.

3.2. Bacterial Strains

In the current study, the five Lactobacillus strains were
used, that all of which were purchased from the Iranian
Research Organization for Science and Technology (IROST):
Lactobacillus acidophilus ATCC4356, Lactobacillus Plantarum
ATCC8014, Lactobacillus fermentum ATCC9338, Lactobacillus
casei ATCC39392, and Lactobacillus rhamnosus ATCC7469.
All strains were cultured in deMan, Rogosa, Sharpe (MRS)
broth (Merck, Germany), under microaerophilic condi-
tions at37°C.

3.3. Determining Lead Removal Activities of Each Strain

The lead removal activity of the five strains was ana-
lyzed according to the methodology proposed by Zhai and
colleagues (5). Briefly, cultured biomass was centrifuged at
8000 x g (Centrifuge Sorvall. RC-5B) for 20 min after incu-
bation of the strains. Then, cell pellets were washed two
times, weighed and resuspended in ultrapure water con-
taining 50 mg.L" lead to give a final bacterial concentra-
tion of 1 g.L" (wet weight). The pH of the suspension was

adjusted to 6 by dilute HNO; or NaOH. After 1 h incubation
at37°C, the suspension was centrifuged at 8000 X g for 20
min; a sample was taken from the supernatant for the anal-
ysis of residual lead concentration, which was measured
by Inductively Coupled Plasma-optical emission spectrom-
etry (ICP-MS). The lead removal activity (as a percentage) of
the strains (bound by the bacteria) were expressed as fol-
lows:

Removal (%) = 100% x [(Co — C1)/Col (1)

where C, (mg.L")and C, (mg.L") are the initial and final
metal ion concentrations in the solution, respectively (24).
Strains with relatively high lead removal activity in the re-
moval assay were selected for further optimization.

3.4. Optimization Experiment

The optimization experiment was performed in two
steps. First, the important factors were selected, and then
the optimum condition for lead removal by Lactobacillus
strains was determined. The Plackett-Burman design (11)
by the Minitab18 program was used for selecting the im-
portant factors. A 12 run Plackett-Burman design was ap-
plied to evaluate the important variables for six factors by
two levels (the lower and higher levels of the factors were
selected, respectively) (10). In the second step, the opti-
mum condition for lead removal was done by RSM (9). The
experiment was designed with 18 trials, according to the
Central Composite Design (17). Each trial was performed in
duplicates.

In the current study, different factors (live status,
pH, temperature, bacterial and metal concentration) af-
fecting the process of biosorption, were optimized and
controlled by using boiling water (live/dead bacteria),
acid/base addition (pH), cooling jackets (temperature),
and baffles/agitators (same level of bacterial and metal
concentration).

3.5. Statistical Analysis

Data were analyzed using Design-Expert 11.1.2.0 pro-
gram. Analysis of variance (ANOVA), probability values (P
value), and three-dimensional curves of the response sur-
faces were used to investigate the interaction between vari-
ables and the response.

4. Results

4.1. Lead Removal Activity of Lactobacillus strains

The percentage of lead removed (bound by the bacte-
ria) by each of the five Lactobacillus strains is shown in Ta-
ble 1. Metals removal efficiencies varied from 30.5 to 53.9%.
Hence, L. acidophilus ATCC4356 was screened for further
optimization, with the maximum percentage removal for
lead (53.9 % 0.01%).
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Table 1. Removal of Lead from MRS Broth by Lactobacillus Strains® b

Lactobacillus Strains % Pb Removed
L. acidophilus ATCC4356 53.9 4 0.013
L. plantarum ATCC8014 47.7 £ 0.025
L. rhamnosus ATCC7469 30.5+ 0.054
L. fermentum ATCC9338 4424 0.04
L. casei ATCC39392 333+ 0.02

The bacteria were incubated 24 h in MRS broth supplemented with 5 mg.L" Pb.
®Values are mean = SD of three replicates.

4.2. Plackett-Burman Design Analysis to Find Critical Factors for
Response Values of Lead Removal

Investigated factors, Plackett-Burman design, and the
corresponding response measurements, which were ran-
domized according to the run number, are shown in Table
2.

ANOVA and Pareto charts were used to analyze the sig-
nificance of the effects. Pareto chart examines how the fac-
tors significantly affect the response and help in compar-
ing the relative importance of the effects (4). The interpre-
tation of this chart demonstrates that pH, biomass concen-
tration (g.L"), and concentration of metals (mg.L") were
highly significant, and other factors were less significant
(with a confidence interval of < 95% and P < 0.05)) (Fig-
ures1Aand 2A). Normal probability plot (Figures 1B and 2B),
residual versus order plot (Figures 1C and 2C), and residual
versus fitted plot (Figures 1D and 2D) showed the same in-
sinuations; thus, the model fits the data well and follows a
normal distribution in both strains.

4.3. Optimum Factors for Response Values of Metal Removal
and Analysis for the Central Composite Design

Biomass concentration, pH, and concentration of met-
als (lead) were left to be optimized after the Plackett-
Burman design. The screening was planned according to
the principle of the central composite design, such that
the pH (A), metal concentration (B, mg.L'), and bacterial
concentration (C, g.L") were defined as independent val-
ues and lead removal (R, percentage) was defined as the
response value in the mathematical modeling for L. aci-
dophilus ATCC4356. The range of independent experimen-
tal variables, coded variables, and the results of the experi-
ment are shown in Table 3.

The results of the ANOVA are shown in Table 4. Statisti-
cal parameters such as Fvalue, R?, adj. R?, predicted R?,and
lack of fit were evaluated and compared with the experi-
mental results for the reliability of the model. The analysis
showed that the lack of fit was not significant (P > 0.05)
and two models were significant (P < 0.05). The coefficient
of determination (R?) for lead removal was 0.94 (that is,
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the fitted models were adequate). According to the anal-
yses, a quadratic model equation was developed. The re-
sults of the ANOVA are shown in Table 4. The association be-
tween independent variables and response was drawn by
second-order polynomial equations. Final equations were
expressed as follows:

For coded factors:

R (Pbremoval) = +53.7 + 741 A —0.36 B
+320C —9.28AB +9.224C ()
+9.76 BC —2.28 A®

For actual factors:

R (Pbremoval) = +42.9 +9.39 pH
+ 0.04 Pb concentration
— 26.2 Bacterial Concentration
—0.03pH * Pbconcentration
+3.03pH * Bacterial Concentration
4+ 0.04 Pb concentration
* Bacterial Concentration —0.52pH?

®3)

4.4. Response Surface Modeling and Process Optimization

The 3D plots of the response surface for the highest re-
moval efficiency in an optimized condition are presented
in Figure 2A-C for R. Figure 2A represents the combined
effect of pH (A) and lead concentration (B). Both parame-
ters affect the lead removal synergistically. By increasing
each of the two independent variables, the removal effi-
ciency increases. The effect of pH (A) and bacterial concen-
tration (C) on removal efficiency is shown in Figure 2B. The
combined effect of pH (A) and bacterial concentration (C)
affect the lead removal activity (Figure 2B) synergistically.
The combined effect of lead concentration (B) and bacte-
rial concentration (C) on metal removal efficiency is shown
in Figure 2C. As shown, by moving toward the maximum
bacterial concentration and lower lead concentration at
a constant pH (6.8), the removal values decrease dramati-
cally.

4.5. Verification

This step aimed to verify the optimization capability of
the models generated according to the results of the CCD.
The maximum metal removal efficiencies of Lactobacillus
strains were investigated when the optimal process vari-
able (A, B, and C) were equal to 6.76, 391 mg.L" and 4.65
g.L" for lead removal of L. acidophilus ATCC4356. The ex-
perimental and predicted removal efficiencies at the opti-
mum condition were found as 73.960 and 75.710% for L. aci-
dophilus ATCC4356, respectively (95% PIlow = 63.4 and 95%
Pl high=79.4)
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Table 2. Experimental Design and the Results Derived from Each Run in Plackett-Burman Design®

Standard No. Run factors Removal of Lead (%) for L. acidophilus ATCC4356
A B C D E F

7 1 + + + + 68.9
5 2 + + - + + - 55.6
1 3 + - + - - 55.7
4 4 + - + + - + 711
3 5 + + - + - 54.0
2 6 + i S + E - 53.6
12 7 - - - - 52.9
10 8 4 = = = + S 53.9
8 9 - + + + - 62.4
1 10 - + - - E + 543
9 1 - - - + + + 571
6 12 + + 4 = + + 59.7

Abbreviations: A, live status; B, time (hour); C, pH; D, bacterial concentration (g.L"); E, temperature (°C); F, metal (lead) concentration (mg.L").
-and + represent the low and high levels, respectively.
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Figure 1. A) Pareto chart, B) normal probability plot, C) residual versus order plot, and D) residual versus fitted plot for Plackett-Burman design (PBD) for lead removal of L.

acidophilus ATCC4356.

Health Scope. 2020; 9(3):e101049.



GoudarziLet al.

Design Expert *Software
Factor Coding: Actual

R1(Pb Removal) (%)
34.7059 EEEE 71.9601

x1=A: pH
. 80
x2=B: pb concentration

Actual Factor
C:Bactenal Concentration = 4.7

R1 (Pb Removal) (%)
w
=)
)

255
B:Pb Concentration

Design Experts Software
Factor Coding: Actual

R1 (Pb Removal) (%)
34.7059 mmmm 71.9601

x1=A: pH
x2 = C: Bacterial Concentration

Actual Factor
B: Pb Concentration =391

R1 (Pb Removal) (%)

Design Expert= Software
Factor Coding: Actual

R1(Pb Removal) (%)
34.7059 mmmm 71.9601

SSS==—
SSSseaeee

S RS STSS 00""..
x1=B: Pb Concentration = ““ittitiii‘i‘:i““'
x2 = C: Bacterial Concentration = SIS XL 7

g \“‘3,0 SSORHKLAL L
Actual Factor g
A:pH=6.8 4

2

&

&

378 3
B: Pb Concentration 500°0.1 C:Bacterial Concentration

Figure 2. Fitted surface for the lead removal as: A) pH(A) and Pb concentration(B) (Bacterial concentration = 4.7), B) pH(A) and bacterial concentration(B) (Pb concentration =
391), C) Pb concentration(B) and bacterial concentration(C) (pH = 6.8).
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Table 3. Experimental Design for for Lead Removal of L. acidophilus ATCC4356 (Response) with the Results

No. of Factors (-1 Level, +1 Level) Response
Run 1 2 3 R
A:pH (3.42,7.58) B: Lead Concentration (109.32,400.68) C: Bacterial Concentration (1.09, 4.01) Lead Removal (%)

1 3.4 109 11 50.4
2 5.5 255 25 49.0
3 5.5 10 25 56.0
4 5.5 255 25 50.8
5 2.0 255 25 34.7
6 3.4 401 4.0 56.5
7 5.5 255 0.1 48.6
8 5.5 255 25 54.0
9 7.6 109 4.0 70.2
10 9.0 255 2245 60.0
1 5.5 255 5.0 603
12 7.6 109 11 66.1
13 3.4 401 11 503
14 5.5 500 245 53.2
15 7.6 401 4.0 72.0
16 5.5 255 25 53.8
17 5.5 255 25 52.5
18 5.5 255 2.5 59.6

Table 4. ANOVA for Response Surface Quadratic Model of R (Lead Removal of L. acidophilus ATCC4356)"

Source Sum of Squares df Mean Square FValue PValue
Model 1206 9 134 15.2 0.0004b
A-pH 594 1 594 67.4 < 0.0001°
B-Pb concentration 1.47 1 147 0.167 0.6935
C-Bacterial Concentration 110 1 m 12.6 0.0075°
AB 173 1 174 19.7 0.00ZZb
AC 171 1 17 19.4 0.0023b
BC 193 1 193 219 0.0016”
A 53.0 1 53.0 6.02 0.0397°
B? 2.50 1 2.50 0.283 0.6090
c 2.06 1 2.06 0.233 0.6421
Residual 70.5 8 8.81

Lack of Fit 4.57 3 1.52 0.115 0.9473
Pure Error 65.9 5 13.2

Cor Total 1276 17

2Std.Dev. = 2.97, R-Squared = 0.944, Mean = 55.4, Adjusted R* = 0.882, C.V.% = 5.3, Predicted R* = 0.869
bSigniﬁcant

6 Health Scope. 2020; 9(3):€101049.
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5. Discussion

The results show that L. acidophilus ATCC4356 had the
highest (53.9 £ 0.01%) lead removal efficiency. Therefore,
this strain was selected for further investigation. Several
studies showed that physical and cultural conditions affect
removal capacity (19, 20). Optimization helps us to find the
condition with the best output for a system (7, 8, 17, 21).
Few studies are conducted on the application of bacteria,
particularly LAB, using a methodological approach. For ex-
ample, Kumar and colleagues (25) used the Box-Behnken
design matrix with RSM for removing Cr (VI), Ni (II), and
Zn (I1) ions with immobilized bacterial strain Bacillus Bre-
vis. They investigated the effect of parameters such as pH,
temperature, and initial concentration of metal ions on
adsorption, and the maximum removal of Cr (VI) was ob-
served as 77.24% at pH 2.0, temperature 40°C, and concen-
tration 35 mg/L. Whereas, removal of Ni (II) ions was 75.2%
at pH 6.0, temperature 40°C, and concentration 35 mg/L
and 71.6% of Zn (II) ions at pH 4.0, temperature 32.5°C, and
concentration 35 mg(L, respectively.

Zhai and colleagues (5) examined cadmium removal
from rice using the Box-Behnken model with a combined
RSM approach by L. plantarum. They investigated three ef-
fective factors for cadmium removal (i.e., temperatures,
fermentation durations, and inoculation amounts of L.
plantarum). In total, they performed 17 experiments us-
ing a quadratic model. Using this model, they calculated
the regression equation coefficients, and the data were fit-
ted to a second-order polynomial equation. Sahu and col-
leagues (26) evaluated and optimized Cr ions adsorption
on activated carbon experimental conditions using RSM.
They employed a full factorial CCD, and ANOVA was used
to analyze the data. They estimated a high coefficient (R?
= 0.92) and according to optimized process parameters,
Cr (VI) removal percentage was higher than 89%. Ince and
colleagues examined the removal of Pb (II) using clay in a
batch experimental system. The Box-Behnken experimen-
tal design methodology and RSM were used to investigate
various effective parameters. Based on their results, a pH of
5, contact time of 31 minutes, 75 mg for adsorbent dosage,
and 100 rpm for agitation speed were optimal conditions
used for Pb (II) removal (27). In another study, Ince and
Kaplan Ince examined the removal of Cr from industrial
wastewater using RSM combined with CCD. They reported
that the CCD method was identified to yield a maximum
Cr ion removal of 99% at pH of 5.0, contact time 23.0 min-
utes, the adsorbent dosage of 69.4 mg, and agitation speed
of 135 rpm (28).

In the present study, biomass concentration, pH, and
concentration of metals were left to be optimized after the
Plackett-Burman design. According to the results, the pH
was the most effective variable for studied strains. In an-
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other study that is conducted in the same removal con-
dition (pH, metal concentration, bacterial concentration,
and contact time) similar results are obtained (6, 12, 29),
but the effectiveness of the factors was not evaluated. A
quadratic model obtained from the CCD matched the ex-
perimental data (P value < 0.05). The results show that in-
creasing the bacterial concentration improves the removal
efficiency. This could be attributed to the increase in the
amount of the bacteria and, therefore, adsorbing surface,
which prepares more active surfaces for adsorbing metal
ions. The sameresultis reported by Sedighiand colleagues,
which investigated the lead removal of Lactobacillus bul-
garicus (86.2%) by biomass concentration of 6.58 g.L" and
initial lead concentration of 36.2 ppm. They concluded
that the pH and weight of dried biomass were the key fac-
tors influencing the lead ion removal activity (18). That is
consistent with the results of the current study.

According to the results, metal ions concentration has
little effect on removal activity so that after decreasing the
metal and bacterial concentration at a constant pH, the re-
moval efficiency was increased. Besides, in all concentra-
tions of lead, a decrease in pH, and consequently releasa-
tion of H* into the solution, was associated with lower re-
moval efficiency. Based on the findings, the removal activ-
ity of metals to the bacteria begun at pH 2 in all cases and
risen steeply to essentially a maximum percentage within
the next 7 pH units up to pH 9. The results are consis-
tent with the results reported by Sofu and colleagues (17),
which reported that removal efficiency enhances with an
increase in pH from 2 to 6.78. They also reported that the
lead removal efficiency increased from 4.86 to 79.3% with
an increase in adsorbent dosage from 2 to 8 g.L”, which is
in line with the findings of the current study.

5.1. Conclusions

To investigate the effects of three selected adsorption
variables (namely pH, bacterial, and metal concentration)
on the removal of lead the CCD was used. A quadratic
model was developed to correlate the variables to the re-
sponse. Through the analysis of response surfaces, pH and
bacterial concentration were found to have significant ef-
fects on removal activity, whereas pH was the most signifi-
cant factor (P value < 0.0001). The experimental removal
efficiencies at the optimum condition for lead by L. aci-
dophilus ATCC4356 (73.9 %) were compatible with predicted
values. It is concluded that these two lactobacilli strains
can be effectively used for heavy metal adsorption and have
an important potential for lead adsorption. However, the
potential applicability of these two strain-based bioadsor-
bent could be further examined on a large-scale.
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