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Abstract

The wastewater discharge from the textile industry is a major threat to environmental safety, especially for developing
countries. In this context, we proposed a biopolymer-based strategy to mitigate this issue. A new kind of immobilization by
the zeta potential from Saccharomyces cerevisiae cell in the chitosan was tested. Two novel materials were produced and
characterized: Chitosan beads (CB) synthesized by the ionotropic gelation technique, and chitosan beads with immobilized
S. cerevisiae by zeta potential (CBY), both targeting the Acid Blue 25 dye removal from aqueous solutions. FT-IR and MEV
analyses were used to investigated and monitoring the mechanism of cellular interaction with the biopolymer. We observed
that the cell wall of yeasts had a negative zeta potential, confirming electrostatic interactions between the cell and the biopoly-
mer that improved their immobilization. Kinetics, adsorption isotherms, thermodynamics, and matter behaviour supported
our evidences. Kinetic studies showed that CBY reached kinetic equilibrium in 240 min and gec,,, =28.201 pg mg~!. The
CB reached equilibrium at 330 min and ge g, =17.518 pg mg~!. Therefore, the materials allowed intraparticle diffusion
towards the mesopore layers. Thermodynamics showed that adsorption was spontaneous and influenced by temperature. Both
CB and CBY underwent swelling during adsorption due to their own hydrophilicity, leading up to 204% increase in volume
compared to dry beads. These experiments were supplemented by ecotoxicity assays evaluating Daphnia similis interac-
tions with Acid Blue 25 dye solutions before and after the adsorptive treatment. Bioassays showed a significant decrease in
toxicity after the adsorption using CBY.
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Introduction

The textile industry delivers a major GDP growth con-
tribution to many countries, such as Brazil, China and
India. In a worldwide market analysis in 2010, the textile
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industry share accounted for US$1 trillion, and employs
approximately 35 million people worldwide [8]. It is esti-
mated that 870,000 tons of synthetic dyes are produced
every year to meet the textile production demand. Yet,
part of the dyes ends up in the environment via deliber-
ate discharge of industrial effluents into rivers, lakes and
oceans. Even a minor amount of dye can lead to drastic
changes in water turbidity. The resulting opaque solution
interferes with the photosynthetic activity of many micro-
organisms, thus causing a chain of events that ultimately
lowers gas solubility and oxygen index in the aquatic envi-
ronment. Many textile dyes also have in their composition
toxic organic groups such as aromatics, especially ben-
zene, naphthalene, and toluene. These compounds are all
accumulated in the environment over time [18].

Adsorptive processes can completely remove dye mol-
ecules from effluents and degraded areas. The methods are
based on electrostatic bonds that concentrate compounds in
certain materials that are subsequently transferred to dis-
posal management protocols. This strategy has been con-
sidered efficient and cost effective by Farooq et al. [12] in
his recent screening of many biosorbents. The adsorptive
materials are prominently advantageous for the industrial
effluent treatment as it relies very little on chemical reagents,
especially compounds that could react and produce second-
ary toxic compounds. The high selectivity and the ease of
separation of such adsorbent material from liquid media are
also a relevant factor when planning full-scale decontami-
nation facilities. There are some well-established adsorbent
materials that are currently on the spotlight of recent studies:
lignocellulosis [12], silica-phosphate nanocomposites [17],
hydrogel [3], and active carbon [4].

Chitosan is a versatile copolymer composed of N-acetyl-
2-amino-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-
D-glucopyranose linked by a (1 — 4)-B-glycosidic bond
[21]. It is easily obtained from the deacetylation of chitin.
Chitosan is easily synthesized by using chitin-rich fishery
residues as its primary source. Large amounts of chitin can
be retrieved in high concentrations from crabs, lobsters, and
langoustines shells at a much reduced price [11]. The result-
ing chitosan molecule is electrically charged, therefore it
interacts with the ions of dye molecules to provide unique
adsorptive capabilities.

Besides using single purified compounds, many other
studies report that the cell wall of the baker’s yeast, Sac-
charomyces cerevisiae, also present chemical binding sites
(mostly amino chemical groups) to which dye molecules
may be adsorbed [10, 15, 35]. These sites perform chemical
interactions with these types of adsorbate, allowing S. cer-
evisiae to be successful in removing not only textile dyes but
heavy metals as well [35]. S. cerevisiae has advantageous
biotechnological applications as it is an easily handled non-
pathogenic microorgsanism, rendering it extremely useful
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to several industrial sectors due to low maintenance and
operational costs.

Dilarri and Corso [9] demonstrated that combining two
highly adsorptive materials can improve the treatment of
industrial effluents. Especially if both adsorptive materi-
als optimally bind to the target molecules. The immobili-
zation of S. cerevisiae cells in a chitosan matrix created a
new material with better adsorptive capacity than the simple
chitosan polymeric chains [9]. The immobilization improved
the separation of the adsorbent material from the liquid
media at high efficacy in their lab-scale tanks. Therefore,
the search for new synthetic materials with improved adsorp-
tive capacity may greatly benefit the industrial sector. We
build up on the previous studies [9] to further expand our
discussion on cellular immobilization, its physical proper-
ties, and how cells will become stable while entangled to
the polymeric chains.

This study aims to produce and characterize two materi-
als: (i) chitosan beads (CB) synthesized by the ionotropic
gelation technique, and (ii) chitosan beads with immobilized
S. cerevisiae by zeta potential (CBY). Both targeted the Acid
Blue 25 dye that was removed at different pH conditions via
adsorptive processes. We then investigated the behaviour
and physical-chemical interactions of the adsorbent materi-
als to enhance the adsorptive yield.

Materials and Methods

Acid Blue 25 Dye

The Acid Blue 25 dye (Fig. 1) was purchased from Sigma
Aldrich, Chemical Abstract Service (CAS) 6,408,782. Its
molecular weight is 416.38 g mol ™.

Chitosan

The purified (98%) chitosan molecule from shrimp shells
(Fig. 2) was purchased from Sigma-Aldrich®, density of
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Fig. 1 Chemical structure of the Acid Blue 25 dye
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Fig.2 Chemical structure of H3C
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0.38 g mL™!, 90% degree of deacetylation corresponding
to 5.6 x 10~ mols of amino group per grams, 80 mesh, and
pH 7.00.

Chitosan Beads (CB)

The ionotropic gelation technique was based on Hembram
et al. [19] protocol: 1 g of powdered chitosan was dissolved
in 35 mL of acetic acid solution at 5% of concentration (m
v~1). After polymerization, the resulting chitosan gel was
pipetted in 250 mL of 2.5 M NaOH solution. The difference
between opposite charges from chitosan gel and NaOH cre-
ated a ionotropic coagulation that precipitated into beads.
After that, all beads were washed with deionized water to
neutralize the pH and then dried at 50 °C for 12 h.

Chitosan Beads with Immobilized Yeast (CBY)

The contact immobilization technique consisted of 1 g of
freeze-dried S. cerevisiae, obtained from J. Macedo S/A—
Brazil Company, dispersed in 10 mL of a 0.85% saline solu-
tion with 1 g of CB. The solution containing the beads was
stirred at 60 rpm for 6 h at 20 °C to maximize contact.

The turbidity of solutions containing beads and control
solutions without beads were then compared. We used a
UV-Vis spectrophotometer (Shimadzu, model 2401-PC) at
fixed wavelength of 540 nm, which is the typical wavelength
for the detection of unicellular yeast. Absorbance values
were used in Eq. (1) to quantify the cellular immobilization
index (Im (%)).

[Abi — (Abf — Abw)| - 100
Abi

Im(%) = H
Abi is the absorbance of the initial solution, Abw is the con-
trol sample containing only saline absorbance, and Abf'is the
absorbance of the solution after interaction with CB.

Fourier Transform Infrared Spectrophotometer
(FT-IR)

The Acid Blue 25 dye and the adsorbents (CB and
CBY) were characterized using Fourier transform infra-
red (FT-IR) at 4000 to 400 cm™' scanned 32 times at a
minimum resolution of 4 cm~!. The adsorbent materials
were analysed after the adsorption of the dye at pH 2.50
and 8.00. The pellets were made using 149 mg of KBr
(Sigma-Aldrich) and 1 mg (powdered) of each sample.
Pellets were formed at a pressure of 40 kN/m? for 5 min.
The graphs were plotted in OriginPro 8.0 software and
the chemicals structures were drawn in ACD/ChemSketch
software.

Scanning Electron Microscopy (SEM)

The surface morphology of CB and CBY was observed by
scanning electron microscopy (SEM) with backscattered
electron and dispersive energy detectors. The equipment
was operated in high vacuum (10~ Torr) for the first vac-
uum boom followed by a second vacuum (107° Torr). Sam-
ple preparation had 20 nm of gold by superficial cathodic
deposition on each sample. The images were obtained at an
acceleration voltage of 5 kV to achieve X400 magnification.

Kinetic Study

Maximum adsorptive interaction required pH 2.50 to ensure
that the chemical groups of the adsorbent materials would be
highly protonated. At time 0 (T)), 10 mL of a 100 pg mL~!
Acid Blue 25 solution was prepared for each 50 mg of each
adsorbent material (CB and CBY). Aliquots of the solution
were scanned by UV-Vis spectrophotometer ranging from
300 to 800 nm every 30 min until chemical equilibrium
was reached. Equation (2) shows how the concentration of
adsorbed dye was calculated.

@ Springer
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V.(Co — Ce)
g = —————

Wi @

Wi is the adsorbent mass (mg), V is volume (mL), Co is
initial concentrations, Ce is the equilibrium concentration
(ng mL™") and ge is the concentration of dye adsorbed per
adsorbent mass (pg mg™1).

Isotherm Study

The adsorptive processes were carried out at various pH and
adsorbent/adsorbate mass ratios. Flasks containing 20 mL
of Acid Blue 25 dye at 100 pg mL~! had their pH adjusted
to 2.50; 4.50; 6.50; and 8.50. Each pH received 20; 30; 40;
50 and 60 mg of the adsorbent material (CB and CBY).
The flasks were kept at constant temperature (25 °C). The
adsorptive equilibrium time was determined in the kinetic
study. Afterwards, contact ceased and the samples were ana-
lysed in a UV—Vis spectrophotometer adjusted to a wave-
length range from 300 to 800 nm.

Thermodynamic Study

The adsorption processes was studied by adjusting tempera-
ture to a set interval. We fixed the variables of pH (4.50)
and adsorbent mass (50 mg) in flasks containing 20 mL of
Acid Blue 25 dye at 100 pg mL~!. The adsorbents in this
solution were exposed to different temperatures (10, 20, 30
and 50 °C) until kinetic equilibrium. The influence of the
temperature in the adsorptive processes was evaluated by
the enthalpy and entropy values according to the van’t Hoff
Equation (Eq. 3), as suggested by Rodrigues et al. [28].
The Gibbs free energy (AG) was also calculated using the
Eq. (4).

Kd=2
Ce
and 3)
AH2 ASC
1 Kd) = -
n(pw - Kd) Rg T + Rg
AG2 = AH? - AS%-T 4)

Rg is the universal gas constant (8.314 J mol™".K™), Kd is
the equilibrium constant of the temperature (L mg™'), pw is
the water density (mg L™') T'is the temperature in Kelvin
(K), AS is entropy and AH is enthalpy. The entropy and
enthalpy values were determined after the determining the
In(pw-Kd) vs. (1/T) curve.

@ Springer

Swelling Measurements

The swelling of both CB and CBY materials after adsorp-
tion was measured so we could specify the rate of defor-
mation of the beads. The beads were removed from an
Acid Blue 25 dye solution at 100 pg mL~' and then
weighted before and after the adsorption process following
the ASTM 471 and ASTM 1239-55 protocols [2] at neu-
tral pH and 21 °C. The degree of swelling at equilibrium
was expressed by the swelling coefficient (Q) (Eq. 5) and
the mass gain percentage (S%), according to Eq. (6) [14].

=7 5)
s%=2"" 10
b= ©)

0

W, is the mass of the initial beads, W is the mass of the swol-
len beads, p the density of the dye solution.

All the adsorptions assays were triplicates. The full
dataset was validated in relation to their adequate fit to
the standard deviation (SD) in Eq. (7).

N 2
_ 1 Qie — Qic
SD_\JN—IZ< Qie > @

i=1

N is the number of measurements, Qic (ug mL™!) is the
calculated dye mass that was adsorbed by each material,
and Qie (ug mL™!) is the experimental dye mass that was
adsorbed by each material. It was used the Origin 8.0 soft-
ware to calculate regression without linearization.

Acute Ecotoxicity Study

We determined the lethal concentration values LCs, and
maximum lethal concentration LC,, of the treated solu-
tions towards Daphnia similis. Our test-organism, D. simi-
lis, is a freshwater microcrustacean whose sensitivity was
adequate to detect toxicity after exposed to different con-
centrations of Acid Blue 25 dye on pH 6.50 and 20 °C for
48 h. The remaining living organisms were counted using
a magnifying glass, according to the trimmed Spearman-
Karber method [7].

The ecotoxicity assay also allowed us to determine the
effects of the solution treated with CB and CBY materi-
als after the adsorption processes. In this case, 100 mL of
Acid Blue dye 25 at the previously LCs, concentration was
added to 10, 20, 30 mg of adsorbent material. The same
adsorption time determined in the kinetic study and pH
6.50 was used.
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Data plotting was made in the OriginPro 8.0 software
suite and the non-parametric statistics was calculated
using the Kruskal-Wallis method in Biostatic 4 software.

Results and Discussion
Immobilization of S. cerevisiae by Contact

Cell immobilization on CB reached Im=74.24%. The high
number of cells adhered to bead surface was due to the elec-
trostatic attraction between the cell surface and the chemi-
cal groups found in the chitosan polymer. This superficial
charge is called zeta potential. This electrical field on both
cell surface and chitosan beads depends on the pH of the
solution [33]. The load offset between materials allowed a
wide range of interactions that were crucial to the immobi-
lization process.

In this study, yeast cells showed negative zeta potential
due to the physiological pH values of the liquid medium
[29]. Besides, the cell wall of S. cerevisiae is composed of
mannoproteins, f—(1.6)—glucan, p—(1.3)—glucan, and phos-
phoric groups that influence surface electronegativity when
pH is close to 7.4 [1].

Polysaccharides from the cell wall are naturally acidic and
are directly bound to the surface of the cytoplasmic mem-
brane. They may also bind as diffuse layers. These layers are
symmetric and paracrystalline matrices containing protein
subunits or glycoproteins that are stabilized by divalent cati-
ons distributed all over the cell wall [22]. The competition
between the surface ions and the molecular flow inside the
cell results in a double electric layer, in- and outside the
cell. The external layer is in contact with the saline solution
with a more diffuse distribution of anions responsible for the
surface electronegativity, whereas the internal layer is where
cation distribution occurs. Therefore, the cellular structure
had great influence on the electronegativity of the surface
zeta potential.

Chitosan is a polycationic polymer formed
by a sequence of monomeric sugars of
B—(1-4)-2-acetamido—2—deoxy—p—bp—glycopyranose and
2—amino-2-deoxy—p-p—glucopyranose, stabilized by
dipole—dipole bonds and Van der Waals forces [21, 36, 38].
Chitosan has positive charges on the chain structure of the
biopolymer mostly in amino groups but also in hydroxyl
groups. The cationic behavior of these groups has a strong
affinity towards ions on the cellular surface. This allows the
biopolymer to perform different physicochemical interac-
tions with microorganisms according to the physics influ-
ences as pH and temperature [36]. This also allows the
structural modification of the biopolymer to favor different
adsorptions or the immobilization of some microorganism
in its structure [38]. Cellular immobilization occurs in two

forms: (i) chelation mechanisms for cations in neutral pH or
(ii) electrostatic attraction through ionic change for anions in
acidic pH. Although some cells have the same charge as the
polymer, proximity is still likely depending on the amount
of cells that were already adhered to a previous support.
Gravitational attraction is another adhesion force, consider-
ing the extreme difference in mass between the sphere and
the yeast cells.

Fourier Transform Infrared Spectrophotometer
(FT-IR)

The FT-IR spectra allowed us to identify the main chemical
groups for each material (CB and CBY). Figure 3 shows the
FT-IR spectrum of the Blue Acid dye 25. The intense peak
1571 cm™! was characteristic of carbonyl groups -COOH.
Another intense peak at 1274 cm™! was the vibration of the
epoxy group. Peak 1414 cm™! suggested a vibration of the
nitrogenous group N=0. The peak at 1233 cm™! was the aro-
matic ring carbon vibration. Peak at 1023 cm™! was stretch-
ing the bond of the sulfonic group S=0. The minor peak at
2367 cm™! was the environmental CO, background present
in the laboratory.

Figure 4 shows the FT-IR spectrum of material CB. The
intense peak at 1079 cm™' was the vibration of the carbonyl
groups —CO-. Peak at 2927 cm™! was hydroxyl groups —OH.
Peaks 1646 cm™! and 1377 cm™! were amino groups —-NH
and -NH,.

The peaks 3421 and 2927 cm™! corresponded to -N-H
and —O-H stretching, as well as the intramolecular hydrogen
bonds. The peak 2358 cm™! could be attributed to carbon
C-H symmetric and asymmetric stretching.
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Fig. 3 Characterization of Acid Blue 25 dye by FT-IR spectropho-
tometry
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Fig.5 Characterization of CBY by FT-IR spectrophotometry

Figure 5 shows the spectrum of CBY material. Many sim-
ilar peaks were observed between the chitosan and the cell
wall. The reason behind this was the high similarity between
the chemical groups of chitin and chitosan. The 655 cm™!
peak was typically found in deformations of carbon substi-
tutes —C—H in aromatics. The 1560 cm™! peak corresponded
to the vibration of the amino -C—NH, groups found in chitin
and chitosan. The peak at 1408 cm™! was the vibration of
the carboxylic groups —COOH. The peaks at 3370 cm™! and
2930 cm™! corresponded to primary amines and hydroxyl
groups —O—H stretching, respectively.

Figure 6 shows the spectra of CB, CBY, and S. cerevisiae.
These spectra were the most relevant to determine major
interaction peaks that could participate in the immobilization

@ Springer
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Fig.6 Comparison of FT-IR spectrum of S. cerevisiae cell, CB and
CBY

process. The peak at 1452 cm™! was the vibration of C=C
in the aromatic ring found in the chitin from the cell wall.
We observed that, after the contact with CB, the peak at
1452 cm™! disappeared, as a result of chemical interactions
taking place. The intense peak at 993 cm™' from the vibra-
tion of the alkene group C=CH, also disappeared.

The peaks at 1074 cm™" and 1044 cm™! had intense defor-
mation. These regions were related to ether groups C-O-C,
found in the polysaccharide b (1 — 3) glucans of the cell
wall. The peak at 1560 cm™!, typical of amino groups,
remarkably decreased its intensity.

Peak deformation was due to electron bonding in the mol-
ecules. The FT-IR data showed that most of the adhesion
was from groups in the aromatic rings of chitin, and amino
groups. This data confirmed our hypothesis of electrostatic
bonding between the cell wall surface and the CB material.
So, the FT-IR dataset provided evidence of yeast immobili-
zation by chemical binding.

Scanning Electron Microscopy (SEM)

Figure 7 shows the electron scan micrograph of the CB
and CBY surface. Both surfaces were cohesive and without
any pores. The Fig. 7b shows a large amount of S. cerevi-
siae colonies adhered to the surface of the polymer due to
the cellular immobilization process. The presence of yeast
increased the availability of interaction sites between the
adsorbent and the dye molecules.

Kinetic Study

Figure 8 has the plots from our kinetic studies of CB and
CBY. The CB material reached equilibrium at 330 min at
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G€(expy=17.518 pg mg~" and R=0.980. The CBY material
reached equilibrium in 240 min at ge e, ,=28.201 pg mg~!
and R=0.988 (Fig. 8). The equilibrium can be considered brief
in CB and CBY. However, the CBY material performed better
at its adsorptive capacity than the CB material.

For a better interpretation of the data obtained in the kinetic
study, the mathematical models of Lagergren [23] (Eq. 8) and
Ho and McKay [20] (Eq. 9) were applied to determine the best
fit to pseudo-first order or pseudo-second order curves.

gt =ge-(1—e™) (8)
= ge* - k2 -t 9
=T ge k21 ©)

304
28 -
25

24

qe (ng mg")

. 3
0 30 6 9

T T T T ™
1200 150 180 2100 240 270 300 330 360 390

Time (min)

tis time (min), gt is the amount of dye adsorbed at time ¢ (pug
mg_l), k1 is the pseudo-first order constant (min~') and 2 is
the pseudo-second order constant (mg pg~! min~1).

The values of ge.,;, obtained in the pseudo-second
order model for both adsorbent materials were closer to
the ge,,,, obtained in the kinetic study (Table 1). The R
values better fitted to the pseudo-second order model.
Therefore, with the R and ge,, values was possible to
prove that mathematical model of pseudo-second order
had the best adjust for the kinetics data obtained in the
experimental phase. This type of adsorption often fits
better in the pseudo-second order model, also indicating
chemisorption between the adsorbate/adsorbent, since the
adsorption when was adjusted in the pseudo-second order
is generally controlled by chemical interactions [16]. This
result helped us to infer which type of interaction took
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Table 1 Kinetic parameters

Geexp) (M8 mg™)  Pseudo-first order

Pseudo-second order

kI (min™)  geqy, (ngmg™) R SD k2 (mg pg~' min™")  ge, (igmg™) g SD
CB 17.518 0.00459 24.378 0945 0797  0.00012 21.248 0969  0.992
CBY 28201 0.00694 25.789 0972 0792 0.00025 31.753 098  0.651

place between the adsorbent materials and the Acid Blue
25 dye.

The adsorbate can be diffused internally in the adsorbent
by mass transfer in a solid-liquid interface. This process is
called intraparticle diffusion and it is often found in poly-
meric materials [32]. We used the mathematical model of
Weber and Morris [39] (Eq. 10) to determine the occurrence
of intraparticle diffusion processes.

gt =Kdi-1° + C (10)

C is the thickness of each intraparticle diffusion layer (pg
mg~') and Kdi is the intraparticle diffusion constant (mg
pg~" (min %) 7).

According to Fig. 9, two adsorptive layers were formed
on CB and CBY materials. In other words, we found intra-
particle diffusion to be the ruling mechanisms in both mate-
rials. The first curve fit corresponded to the limit of the
macro-pore layer, followed by a second curve related to the
intraparticle diffusion in the meso-pore layer.

The Kdi value in the macro-pore layer was higher than
the meso-pore layer to either adsorbent material. This shows
that the dye is adsorbed to the surface first (macro-pore
layer), and then to the internal layer (meso-pore layer) by

B Kdi=1.034; (=3.320; R=).988; $D=0.782

244
A Kedi=0.433; (=9.186: R=0.710; SD=0.804
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Fig.9 Graph of intraparticle diffusion model of CB and CBY materials
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intraparticle diffusion. The largest value of C in the meso-
pore layer was proportionally related to the thickness of the
layer. In this way, the intraparticle diffusion was more resist-
ant to reach each subsequent micro-pore layers.

An in-depth analysis of the adsorption process required
the mathematical model from Boyd et al. [5] (Eq. 11), which
determines if the intraparticle diffusion is an adsorption con-
trolling process.

-z
=

F
an

and
Bt = -0.4977 —In(1 — F)

F is the fraction adsorbed at any moment and Bt is the math-
ematical function of F.

The second model of Boyd was calculated using the Eq.
(12) to obtain the effective diffusion coefficient.

Bb-r?
== (12)

Di
T
Bb is the graphic pendant of Bt as a function of ¢; Di is the
effective diffusion coefficient (cm? s™') of the Acid Blue 25
dye in the bead and r is the radius of the bead (0.075 cm).
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Fig. 10 Graph of Boyd’s equation with CB and CBY materials

According to Li et al. [25], if the fitted Boyd curve (B vs.
t) passes through the origin Bt (region 0.0), then intraparticle
diffusion is the dominant process controlling the adsorption.
Based on this, Fig. 10 shows that the adsorption processes
are controlled by intraparticle diffusion. Thus, internal bind-
ing sites could be found on both adsorbent materials (CB,
Fig. 10a; and CBY, Fig. 10b).

The CB values were Bb=0.00702 and Di=1.8921 x 107
cm? s7!. The CBY values were Bb=0.00690 and
Di=3.9325x107° ¢cm? s~!. The Di parameter around 107
suggested that one or more external binding site was inter-
acting with the adsorbent material [31].

Isotherm Study

The Langmuir [24] model (Eq. 13) proposes that the chemi-
cal adsorbent will interact with the surface of the adsorbent
with a finite number of binding sites forming a monolayer.

_gm-1-Ce

=111 Ce (13)

Ce is equilibrium concentration, / is the affinity between
adsorbate and adsorbent (mL mg'l) and gm is a maximum
adsorbate capacity at equilibrium (ug mg™1).

The Freundlich [13] model (Eq. 14), however, proposes
that binding sites are occupied exponentially, forming mul-
tiple layers. Therefore, this model assumes that the surface
of the adsorbent is heterogeneous. Therefore, several binding
sites are occupied with different intensities [30].

1
ge = Kf - Cev (14)

30 = B

ST
0030 60 90 120 150 180 210 240 270 300 330 360 390

Time (min)

nf is the Freundlich adsorption constant, and Kf is the Fre-
undlich adsorption capacity (mL mg~").

Table 2 shows the values obtained in the Langmuir and
Freundlich isotherm to determine the adsorption capacity of
CB and CBY at different pH.

The CB and CBY adsorbents followed the Freundlich
isotherm at pH 6.50 and 8.50 according to their correla-
tion coefficient (R). This correlation indicated that adsorbent
sites were exponentially occupied by forming multiple layers
during the adsorption processes. The availability of adsorp-
tive sites and their interaction with the dye were directly
influenced by the pH. Table 2 also showed that the decrease
in Kf values was proportional to the increase in pH, which
means low adsorptive capacity in alkaline pH. Therefore, pH
changes influenced the electrostatic charges and interactions
between the adsorbate and the adsorbent.

The adsorption process followed the Langmuir isotherm
model in pH 2.50 and 4.50, according to the R values. In
this case, the interaction sites are occupied in monolayers as
they interact with the dye molecules. The adsorption capac-
ity was higher using CBY material in acidic pH. This is due
to the heterogeneous composition of the adsorbent material
composed of chitosan and yeast. The molecular structure of
chitin from the yeasts has about 10% amino groups and 80%
chitosan [21]. Therefore, the CBY material had more amino
groups than what would be found separately from these
materials. The presence of the amino groups influenced the
cationic bonds on the beads surface, depending on the pH.

The isotherms studies have showed that the adsorbate/
adsorbent interaction changes according to the pH, from
being a chemical interaction with specific sites in acidic
pH, to an interaction by hydrogen bonds and Van der Waals
forces in pH closest to neutral [37]. This is also occurring
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Table 2 Results of Langmuir and Freundlich constants

pH CBY Langmuir isotherm Freundlich isotherm
gm l R SD Kf nf R SD
2.50 96.33 0.029 0.998 1.1 42.10 0.358 0.996 1.2
4.50 21.61 0.005 0.950 1.4 6.379 0.797 0.905 1.6
6.50 1.258 0.009 0.861 3.8 1.643 0.148 0.922 12
8.50 1.400 0.016 0.974 2.8 1.296 1.758 0.976 1.5
pH CB Langmuir isotherm Freundlich isotherm
qm l R SD Kf nf R SD
2.50 19.61 0.173 0.987 1.9 8.469 0.487 0.931 1.8
4.50 3.583 0.010 0.998 1.1 4.719 0.226 0.996 1.4
6.50 0.511 0.009 0.985 2.8 3.596 0.076 0.997 1.8
8.50 1.001 0.010 0.970 4.3 1.419 1.001 0.977 29
e R Ll'i‘t'
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Fig. 11 FT-IR spectrum of the CB material after adsorption at differ-
ent pH

due to protonation of the medium, favoring chemical inter-
actions at acid pH between adsorbate/adsorbent [27, 37].

Figure 11 shows the comparison of the FT-IR spectra
of the CB material after adsorption at acidic and alkaline
pH. After adsorption at pH 8.50, the peaks at 1079 and
1033 cm™! showed an increase in the intensity of carbonyl
groups —CO-. Thus, the adsorption occurred by physisorp-
tion. It was caused by the approximation of electron charges
within the planar & double bond in the aromatic ring of the
dye. This double bond was attracted by the groups in the chi-
tosan cyclic chains. The dye was attracted to that electronic
cloud and remained close to the interaction sites.

The FT-IR spectrum at pH 2.50 showed its highest defor-
mation at 1379 cm™!, which was the vibration of the amino
group —-NH,. The peak at 1319 cm™" was related to the vibra-
tion of the carboxylic group -COOH, which also showed
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Fig. 12 FT-IR spectrum of the CBY material after adsorption at dif-
ferent pH

some deformation. This result revealed chemisorption was
the ruling mechanism of the adsorption process.

The Acid Blue 25 dye has a reactive sulfonic group
(-SO;Na) which assists in its solubility on any polar aque-
ous medium. The sodium ion (Na™) dissociated to sulfonic
groups (=SO;7), also capable of forming ionic bonds with
the dye. In addition, the number of ions H* increased due
to pH, which allowed the protonation of the amino and
hydroxyl groups present in chitosan.

Figure 12 shows the FT-IR spectrum from CBY. The
peaks at 1408 and 1560 cm™" were attributed to the vibration
of the carboxylic group —COOH and primary amine NH.
They increased intensity in pH 8.50. Peaks at 1645 cm™!
were attributed to the group amide I, while 1333 cm™" was
attributed to amide III. They all had an increase in their
intensity. These results confirmed that adsorption occurred
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by physical interactions. The peak at 1333 cm™! showed a
vibration displacement of -C-NH when was pH 2.50, thus
indicating chemical interactions between this group and
the dye. The peak 947 cm™! from the oxime group N-O
also disappeared due to the chemical bonding with the dye.
The peak at 1379 cm™! of C=CH, appeared, thus indicating
strong interactions in this region.

In general, the yeast cell wall was the prevalent site of
where many dye-binding groups could be found, such as
the acetamido, amido, phosphate, amino, amine, sulfhydryl,
carboxyl, and hydroxyl groups [34]. Chemical interactions
with several groups from the chitin and the yeast cell wall
occurred at acidified pH. Based on these results, we could
confirm the occurrence of chemisorption.

Thermodynamic Study

The thermodynamic parameters are shown in Table 3.
Adsorbent materials showed a significant increase in adsorp-
tion, related to higher temperatures. The lower AG values
were proportional to the temperature increase. In other
words, adsorption was an endothermic and spontaneous
process for all our proposed materials. The higher the tem-
perature (i.e.: the agitation of dye molecules), the higher
the probability of interaction with the available sites on our
adsorbent materials. Moreover, elevated temperatures could
influence the pore size of the material synthesized with the
chitosan polymer. Larger pores decreased the resistance of
intraparticle diffusion and increased the adsorptive capacity
of the material. It was also a reversible adsorption process,
according to thermodynamics.

Table 3 shows the decrease in AG at high temperatures,
which is related to the stronger attraction forces between the
dye molecule and the CB and CBY adsorbent. The CB mate-
rial had a higher AH, which is also attributed to the strength
of chemical bonds. The positive values of AS showed that
the bonds between the dye and the adsorbent were random

at the solid-solution interface. More than one binding site
was possibly involved in the adsorption process.

Swelling Measurements

Every matter can be deformed when a force is applied to
them. Adsorption in a liquid—solid body generates polymer
deformation in two ways: (i) swelling and (ii) immobiliza-
tion of the adsorbate molecules at equilibrium [26]. In addi-
tion, the polymer deformation is a result of intricate molecu-
lar geometry [6]. In this study, the adsorbent materials (CB
and CBY) drastically changed their diameter and masses
after the adsorption process (Table 4).

The swelling of the beads was due to the hydrophilic-
ity of the material. The water molecules were expected to
be attracted by hydroxyl and amino groups. The internal
pressure forces stretched the polymer bonds, however, the
internal pressure was insufficient to completely disrupt the
bead structure and break the molecular bonds.

The CB material gained 204% more mass when compared
to its dry volume. The available hydrophilic groups from the
polymer were different in the CBY material, as the yeasts
may have interfered with the availability of those sites. The
polymeric chains were also less entwined, resulting in lower
mobility and swelling altogether. The deformation tension
ceased after removing the beads from the solution, as they
returned to their initial diameter afterwards.

Ecotoxicity Test

D. similis were extremely sensitive to Acid Blue 25, even at
low concentrations of dye. As described before by Mendes
etal. [27], the LC,, of D. similis in contact to Acid Blue 25
dye is 120 pg mL™", and the LCyyis 108 pg mL~!. When we
allowed enough time for the beads (CB and CBY) and the
solutions to be in contact, as determined by the kinetic study,
the treatments were successful in lowering the ecotoxicity
levels from the dye solutions (Table 5).

Table 3 Thermodynamics

AS° (KJ AH® (k] mol™!) AG® (kJ mol™)
values for CB and CBY mol~! K1)
adsorbents 10 °C 20 °C 30 °C 50 °C
CB 0.188 59.565 6.332 4.452 2.572 - 1.187
CBY 0.118 39.015 5.603 4.423 3.243 0.883
Table 4 Parameters of Initial SD  Final SD TInitial  SD Final SD S%  Q(mglem’)
rheological behaviour of matter diameter diameter weight weight
(mm) (mm) (mg) (mg)
CB 075 0.10 1.00 025 1.15 0.10 3.50 0.55 204.34 2.04
CBY 0.75 0.10 0.85 0.20 1.30 0.25 3.00 0.70 130.76 1.30
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Table 5 Results of bioassays

" ith adsorh, Adsorbent  Adsorbent Initial dye concentra-  Final dye concen-  Mortality (%) Kruskal—
after t.reatment with adsorbent material weight (mg)  tion CLg, (ug mL™!) tration (ug mL 1) Wallis
materials

(Dunn)

CB

20 108.00 96.31 43 n.s

30 108.00 90.95 34 n.s

40 108.00 83.56 26 n.s
CBY

20 108.00 80.39 26 n.s

30 108.00 74.16 17 p<0.05

40 108.00 70.57 16 p<0.05

Although the pH chosen for ecotoxicity assays was not
the ideal, based on adsorption isotherms, our results still
showed a significant reduction in the toxicity levels of the
solution to a very sensitive test-organism. The adsorbent
materials were indeed very effective when dealing with the
Acid Blue 25 dye by reducing its ecotoxicity (Table 5).

Conclusion

Both adsorbent materials were efficient in the removal
of Acid Blue 25 dye from aqueous solutions. The yeast-
enhanced material (CBY) reached its kinetic equilibrium at
240 min, while the chitosan polymer alone (CB) took more
time to reach it. Intraparticle diffusion up to the mesopore
layer occurred as the adsorption was controlled by the
diffusion process. The values of ge for the CBY material
(28.201 pg mg~') were higher than CB (17.518 pg mg™).
The adsorption capacity of both materials increased with
acidification, and the consequent protonation of the bind-
ing sites. Chemisorption occurred in acid pH while phy-
sisorption occurred in alkaline pH, adjusted to Langmuir
and Freundlich models, respectively. Temperature heavily
influenced the adsorption capacity as well, since molecular
agitation increased the likelihood of the dye molecule to
interact with the binding sites. The treatment with CBY led
to a significant decrease in toxicity at pH 6.00. Considering
the results, we argue that the addition of yeast cells to the
surface of the materials can increase adsorptive capacity and
remove toxic compounds from the environment.
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Abstract

Foodborne infections in humans are one of the major concerns of the food industries, especially for minimally processed
foods (MPF). Thereby, the packaging industry applies free chlorine in the sanitization process, ensuring the elimination of
any fecal coliforms or pathogenic microorganisms. However, free chlorine’s propensity to react with organic matter, form-
ing toxic compounds such as trihalomethanes and haloacetic acid. Therefore, the present work aimed to synthesize a novel
organic biomaterial as an alternative to free chlorine. Chitosan microparticles were produced, with Pimpinella anisum
(anise) essential oil immobilized in the biopolymer matrix (MPsQTO). The characterization of this biomaterial was done
through GC-MS/MS, FT-IR, and SEM. Antimicrobial assays proved that the MPsQTO presented antibacterial activity for
Escherichia coli, Salmonella typhi, Pseudomonas aeruginosa, and Bacillus subtilis at 300 uL mL~! of concentration. The
fluorescence microscope also showed the MPsQTO targets the cytoplasmatic membrane, which is responsible for cell death
in the first minutes of contact. Studies with the mutant B. subtilis (amy::pspac-ftsZ-gfpmutl) and the Saccharomyces cer-
evisiae D7 also proved that the biomaterial did not affect the genetic material and did not have any mutagenic/carcinogenic
effect on the cells. The sanitization assays with pumpkin MPF proved that the MPsQTO is more effective than free chlorine,
increasing the shelf-life of the MPF. Consequently, the novel biomaterial proposed in this work is a promising alternative
to traditional chemical sanitizers.

Keywords GC-MS/MS - Food safety - Pathogen microorganisms - Packinghouse - Pimpinella anisum - Sanitization
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Introduction

Minimally processed foods (MPF) are those that are sani-
tized and packaged for immediate consumption. In order
to reduce waste and keep the food quality, MPF usually
goes through sanitization processes, securing a long shelf
life and ensuring safe consumption (Cossu et al. 2017).
Therefore, the industry is highly concerned about the food
security of MPF, inspecting for maintaining conservation
and keeping it free of pathogenic microorganisms (Kim
and Song 2017). Due to the cut processing, MPF is more
susceptible to microbial infection (Liu et al. 2021). Among
the main contaminating microorganisms, it is possible to
highlight Salmonella typhi, as one of the main causes of
food poisoning and intoxication in humans (Lee et al.
2015). Another bacterium that causes food contamination
and intoxication in humans is Pseudomonas aeruginosa.
This pathogenic bacterium is responsible for several viru-
lence factors and is capable of forming biofilms, which
can contaminate food and packaging industry equipments
more easily (Abebe 2020; Li et al. 2023). Moreover, bac-
teria classified as fecal coliforms, such as Escherichia coli,
can lead to severe foodborne infections in humans (Martin
et al. 2016), which warns the importance of guarantee-
ing the total elimination of these microorganisms in MPF.
The main agent used in the food industry as a sanitizer is
sodium hypochlorite (NaOCl), being applied at a packing-
house with a concentration of 200 ppm in an immersion
bath for 2 min (Weng et al. 2016; Battagin et al. 2021;
Dilarri et al. 2022). However, the World Health Organiza-
tion (WHO) released data results about the cumulative
effect of free chlorine in food, which is related to endo-
crine problems such as kidney failure, iodine absorption
deficiency, and atherosclerosis disease (World Health
Organization (WHO) 2017). Chlorine-based biocides,
when in contact with organic matter, lead to the forma-
tion of halogen compounds such as trihalomethanes and
haloacetic acid (Gil et al. 2019). Trihalomethanes and
chloroform are formed after the chemical reaction of free
chlorine with organic matter, having carcinogenic and
mutagenic effects in the cell of the organism (Wang et al.
2013; EFSA 2015), becoming worrying compounds for
public health. Therefore, the Council of the European
Union (EU) adopted a new regulation in 2018 (2018/605
Regulation of the Delegated Commission of the Euro-
pean Union) with the category of “Endocrine Disruptors”
(EDs), which prohibits and limits the concentration of
free chlorine presents on the surface of the food after the
packinghouse process (EFSA 2015; European Commission
2018; Dilarri et al. 2022). Nowadays, MPF is sanitized by
other compounds beyond NaOCI, such as peracetic acid,
essential oils (EO), and ozone (Rahman et al. 2016; Falco
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et al. 2019; Dilarri et al. 2022). Even so, microbiological
control in MPF is still a challenge, as the industry must
eliminate the main pathogenic microorganisms of the food
without being harmful to human health, and preserving the
characteristics of the MPF.

Due to their low cost, bactericidal action mechanisms,
and being from a biological source, EO is growing in use
as food sanitizers (Falcé et al. 2019; Zamuner et al. 2020;
Battagin et al. 2021). Some EO are already used in organic
agriculture due to their bactericidal action, such as the oil of
Lippia gracilis (Santos et al. 2019), Unonopsis guatterioides
(Yoshida et al. 2019), Origanum vulgare (Haé-Szymanczuk
et al. 2019), and Thymus vulgaris (Aziz and Almasi 2018).
Zayed et al. (2019) also described the antioxidant properties
of Pimpinella anisum (anise) EO, which increased interest
in further research and applications of this oil. In addition,
Ksouda et al. (2019) described the antimicrobial activity
of the EO of anise and associated it with the trans-anethole
compound present in the oil. Additionally, the minimum
inhibitory concentration (MIC) of P. anisum EO was cal-
culated for major food-contaminating bacteria, such as E.
coli (MIC of 2.5 uyg mL™Y), S. ryphi (MIC of 2.0 uyg mL™"),
and P. aeruginosa (MIC of 3.0 uyg mL™!) (Abdel-Reheem
and Oraby 2015). Consequently, due to its antioxidant and
antimicrobial effects, with the MIC values for several spe-
cies of microorganisms already defined, the use of P. ani-
sum EO has become increasingly explored in the food and
pharmaceutical industries (Sun et al. 2019). P. anisum is
a grassy herb of the family Apiaceae, native to the eastern
Mediterranean and Southwest Asia, being known and used
in traditional Chinese medicine for its antimicrobial, anti-
inflammatory, bronchodilator, expectorant, and insecticidal
effects (Tavallali et al. 2017; Hashem et al. 2018; Sun et al.
2019). It is considered one of the most promising EO for
technological applications and polymeric encapsulations
(Albuquerque et al. 2022). However, to the present date,
neither sanitizing tests with EO of P. anisum has been car-
ried out with MPF.

Another point that limits the application of EO is the non-
polar properties of the molecule, which impossibility, the solu-
bility, and difficulty in the application of the oil. Therefore, the
encapsulation of the EO in a polymeric matrix can be a way to
increase the solubility and dispersion, reducing the photo-deg-
radation and oxidation of the compound. Polymeric matrix also
increases the residual effect of the antimicrobial compound,
since it will remain on the applied surface for a longer period
(Tamayo et al. 2016). Chitosan is a biopolymer composed of
N-acetyl-2-amino-2-deoxy-D-glucopyranose and 2-amino-
2-deoxy-D-glucopyranose linked by a (1 — 4)-p-glycosidic
bond (Islam et al. 2017). This biopolymer is easily obtained
from the deacetylation of chitin present in the crabs, lobsters,
and langoustines shells; therefore, it is possible to extract it
using fishery residues as its primary source, which makes it
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a low-cost polymer (Dilarri et al. 2018; Mendes et al. 2020).
Another advantage of chitosan is its ability to be complexed
in different forms, being also possible to bring it to a micro-
scale. These multi-complexation capacities open a great range
for the use of this biopolymer in many different areas. The use
of chitosan microparticles was described by Divya and Jisha
(2018), which showed potential application for the dispersion
of non-polar substances. Nevertheless, to the present moment,
anise EO has never been immobilized in a chitosan matrix and
applied against pathogenic microorganisms.

Pumpkins (Cucurbita maxima) belong to the Cucurbitaceae
family and are extensively grown worldwide since many coun-
tries’ diets include substantial amounts of this fruit (Pereira
et al. 2020). Pumpkins are rich in phenolic compounds, such as
flavonoids and phenolic acids, carotenoids, and vitamins (vita-
min A, thiamine, riboflavin, vitamin B6, Vitamin C, vitamin E,
and vitamin K) (Guz et al. 2018; Pereira et al. 2020). Pumpkin
production has a great economic and social value in Brazil,
with an estimated 27.08 kg per capita consumption, according
to the Brazilian Institute of Geography and Statistics (Santos
et al. 2016). Because it is a huge vegetable, it presents issues
with marketing, storage, and handling, resulting in product
loss (Soares et al. 2018). As a result, it is a vegetable that has
the potential to grow in the market for minimally processed
foods, increasing sales and value (Santos et al. 2016; Soares
et al. 2018). Currently, it is possible to find several MPF of the
many varieties of pumpkins offered in Brazil, and this trend is
only going to grow. Due to these characteristics, the pumpkin
MPF was selected as the target for the tests in the current study.

Therefore, this study aims to evaluate the EO of P. ani-
sum encapsulated into the biopolymer matrix of chitosan in
the micro-scale (MPsQTO) to increase the dispersion and
contact surface of the EO. It was evaluated the performance
of the bactericidal action of MPsQTO against E. coli, S.
typhi, and P. aeruginosa, which are pathogenic microorgan-
isms, and Bacillus subtilis that are the Gram-positive bacte-
ria model for microbiological assays. In addition, ecotoxi-
cological assays with the mutant Saccharomyces cerevisiae
D7 were carried out to certify the toxicity of the MPsQTO
for eukaryotic cells. In order to verify the effectiveness of the
antimicrobial material produced in the present work, we con-
ducted sanitization tests using MPF of pumpkin. The goal
was to assess the shelf life and reduction of microorganisms
in the MPF and check any changes in its initial characteris-
tics after applying MPsQTO to the pumpkins.

Materials and methods

Microorganisms

E. coli (ATCC 8739), S. typhi (ATCC 19430), B. subti-
lis (ATCC 6633), and P. aeruginosa (ATCC 27853) are

bacterial strains associated with foodborne; therefore, they
were selected as target microorganisms for this study. The
mutant Bacillus subtilis (amy::pspac-ftsZ-gfpmutl) express-
ing FtsZ-GFP was used in the fluorescence microscope
assays. All the bacteria used in the present work were culti-
vated in a nutrient broth medium (5 g L™! of bacteriological
peptone; 3 g L™! of beef extract; for the solid medium was
added 15 g L™! of bacterial agar) at 30+ 1 °C for 24 h in a
shaker at 200 rpm of agitation. The mutant yeast S. cerevi-
siae D7, a test organism for evaluation of the mutagenic/
carcinogenic effect of the MPsQTO, was cultivated in YPD
medium (15 g L™! of agar for solid medium; 20 g L™! of
bacteriological peptone; 20 g L' of dextrose; 10 g L™! of
yeast extract) at 27 + 1 °C, with agitation of 200 rpm for lig-
uid growth. All reagents for cellular growth were purchased
from Kasvi Ltda. (Sdo José dos Pinhais, Brazil).

EO of P. anisum

P. anisum EO was obtained from Nikura® (London, UK),
a member of the Aromatherapy Trade Council (ATC). The
EO has 97% of purity and was extracted by cold pressing
processes to reduce degradation/volatilization of the organic
compounds, maintaining the major properties of the anise
oil.

MPsQTO synthesis

The chitosan used in the present work was purchased from
Sigma-Aldrich (Darmstadt, Germany), CAS 9012-76-4,
being manufactured from shrimp shells. This chitosan has
more than 75% degree of deacetylation, 0.38 ¢ mL~" of den-
sity, 7.00 of pH, and 80 mesh of particle size.

The chitosan ionic gelling process was carried out
through the method proposed by Hembram et al. (2016),
where 1 g of powdered chitosan was dissolved in 35 mL of
acetic acid solution at 5% of concentration (m v_'). Next, the
chitosan ionotropic gel was subjected to an ultrasonic bath—
Elma X-tra LSM (Singen, Germany) for 20 min at 45 kHz,
which allowed the polymer chain to break into a smaller size.
Then, P. anisum EO was added reaching a final concentra-
tion of 5% in the total volume. The next step was the addi-
tion of tripolyphosphate (TPP) solution at 3% with 5.60 of
pH 5.6 under constant stirring for 60 min at 21 °C. This step
is fundamental for the chemical complexation of the oil in
the biopolymer, and hence, crosslinking the MPsQTO. The
separation of MPsQTO from liquid medium was performed
by centrifugation at 6000 X g for 10 min.

Scanning electron microscopy (SEM)

The surface morphology, size, and shape of the MPsQTO
produced in the present work were determined by
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micrographs captured in SEM JEOL Model JSM-6360LV
(Tokyo, Japan), equipped with backscattered secondary
electron detectors coupled to an energy-dispersive analyzer
(EDS) operating in high vacuum with a mechanical pump
for the primary vacuum (1073 Torr) and secondary vacuum
(around 107 Torr), with an accelerating voltage of 15 kV.
For the preparation of the material, firstly, the MPsQTO
was freeze-dried, and then the sample was metalized with
20-nm gold layer per sputtering deposition system. In that
manner, the gold was deposited in all cavities and pores,
overall covering the material independent of its irregular-
ity. Afterward, the material was placed on carbon adhesive
tape for SEM analysis. The images were obtained using an
acceleration voltage of 5 kV and X400 magnification.

Fourier-transform infrared spectroscopy (FT-IR)

The FT-IR characterizations were carried out with the
FT-IR spectrophotometer Shimadzu Model IR Prestige 21
(Kyoto, Japan). The analysis processes were done through
the pellet formation with 149 mg of KBr and 1 mg of the
freeze-dried MPsQTO under 40 kN of compression. Next,
the pellets were scanned at wavelengths between 4000 and
400 cm™!, with bands reading at 4 cm™! of resolution across
32 scanning procedures. For the identification of the peaks
in the FT-IR spectrum, we used the ReactIR™ software for
automated analysis. The software includes the latest library
updated in 2023.

Gas chromatography-mass spectrometry (GC-MS/
MS)

P. anisum EO was extracted in ethyl acetate and injected in
the 1:30 split-ratio mode into the equipment GC-MS Model
QP-2010 Shimadzu (Kyoto, Japan). Rtx-SMS capillary col-
umn (60 m X 0.25 mm X 0.25 um) of fused silica and low-
polarity phase was used with helium gas (1.5 mL min~! of
purge flow) at a pressure of 43.8 kPa and column flow of
0.84 mL min~!. The analysis parameters were determined
in this study using the electronic acceleration of 70 eV for
ionization and injector temperature at 220 °C for 2 min;
next, it was increased to 290 °C at a rate of 5 °C min~!. All
files from the GC-MS (mzData) were processed using NIST
software.

Antibacterial activity assays

Firstly, the cell numbers per volume of each bacterial strain
were determined by colony counting on plate, finding in this
way, the values of CFU mL ™! of each bacterial strain before
the initiation of the test. Subsequently, the respective cell
suspensions were diluted at 100 X in a fresh medium to start
the assays, reaching a final number of 10° CFU mL™! of
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each strain evaluated in the present work. Then, MPsQTO
was added to each medium with the respective bacterial
strain, varying the MPsQTO concentration in a range of 5
to 300 uL mL~"'. For the positive control (PC), it was used
Nisin at 5 pg mL~! against Gram-positive bacteria strains,
and Kanamycin at 20 pg mL~! for the Gram-negative bac-
teria strains, being both antibiotics purchased from Sigma-
Aldrich (Taufkirchen, Germany). The negative control (NC)
was the broth medium without any compound. The total final
volume of the Erlenmeyer flask containing the broth medium
with bacteria and the MPsQTO was 20 mL. The flasks were
incubated at 30+ 1 °C for 4 h and 200 rpm of constant agi-
tation. After incubation, samples of 100 pL of each flask
were diluted in a solution of NaCl at 0.86%, and spread onto
nutrient agar plates for CFU mL~! counting. Each treatment
was composed of three repetitions, and this experiment was
done in three independent replicates. Data validation was
performed using the standard deviation (SD), as shown in
Eq. 1, and all the graphs were plotted using Origin version
8 (OriginLab Corporation, USA).

1 <N [ Qie—Qic\’
2 (25 g

where N is the number of measurements carried out, and Qie
and Qic are experimental and calculated data.

SD =

Fluorescence microscopy

E. coli, S. typhi, B. subtilis, and P. aeruginosa at 103 cells
were exposed to MPsQTO for 15 min at the bactericidal con-
centration, determined previously in the antibacterial activity
assays. After the exposure time, the cells were centrifuged
at 6000 x g for 7 min, the supernatant was discarded, and
the cells were resuspended in 1 mL of saline solution (NaCl
0.86%). Next, the bacteria cells were stained with the Live/
Dead BacLight kit (Thermo-Scientific L7012, Waltham,
MA, USA), composed of the nucleic acid dye SYTOO (that
stains all cells, naturally passing through the cytoplasmic
membrane), and the propidium iodide (PI) (stains only cells
with damaged cytoplasmatic membranes) (Savietto et al.
2018). The PC for the Gram-positive bacteria was the Nisin
antibiotic, and for the Gram-negative bacteria, the damaged
membranes were generated by heat-shock stress (Savietto
et al. 2018). For NC, it was used cells without any treatment.

Analysis of the potential action of the MPsQTO in the
interference/disruption of the divisional septa in bacteria
was carried out through the fluorescence microscope assays
with the B. subtilis (amy::pspac-ftsZ-gfpmutl). The mutant
cells were cultivated in the presence of 0.02 mM Isopropyl
B-d-thiogalactopyranoside (IPTG) to induce the expres-
sion of FtsZ-GFP from the pspac promoter. Subsequently,
1 mL of the culture with 10° CFU mL~! was exposed to the
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MPsQTO at its bactericidal concentration for 15 min. Later,
the mutant cells were centrifuged at 6000 X g for 7 min, the
supernatant was discarded, and the cells were resuspended in
1 mL of 0.86% NaCl solution prior to microscope observa-
tion. The NC was the mutant cell without contact with any
compound.

Cells were immobilized onto agarose-covered slides
and observed using an Opticam Fluorescence Microscopy
O600R (Doral, FL, USA), equipped with a monochromatic
camera Opticam—12.3 MP (Doral, FL, USA). Images were
processed through the software OPTHD—Opticam (Doral,
FL, USA). One hundred cells were considered (N = 100) per
treatment for quantification and data analysis. All micro-
scope assays were done in three independent replicates.

Mutagenic and carcinogenic assays with S. cerevisiae
D7

For the mutagenic/carcinogenic assays with the mutant S.
cerevisiae D7 (ATCC MYA4852™) strain, it was used the
standard protocol recommended by the US Environmental
Protection Agency (EPA-USA 1996). Where, an aliquot of
the cell stock was plated with YPD-agar, which should show
95% growth of white colonies (Zimmermann et al. 1975).
Then, a white colony was selected to grow in YPD liquid
medium for 18 h at 28 °C. Afterwards, the cells were centri-
fuged at 6000 X g for 7 min, and subsequently, resuspended
in 100 X volume of 0.1 M phosphate buffer. Next, MPsQTSO
at the bactericidal concentration was added to the buffer
solution with the S. cerevisiae D7 cells. For NC, it was used
sterile deionized water in the same volume proportion (v
v™1) of the treatment with the MPsQTSO. The PC, it was
used ethyl methanesulfonate Sigma-Aldrich (Taufkirchen,
Germany) at 1% of concentration. After 6 h of contact with
each compound, an aliquot of each sample was inoculated
by spread plate in YPD-agar and incubated at 27 + 1 °C for
18 h. The change in the phenotypic expression of the yeast
strain is related to the mutation expressed after contact with
the evaluated compound. Experiments were performed with
three independent triplicates with a minimum count of 100
cells per plate. The data was validated using the SD (Eq. 1)
to identify experimental errors. Then, the data underwent
non-parametric statistical analysis using Kruskal-Wallis
(Dunn) with three degrees of freedom. Graphs were created
using Origin 8 software (OriginLab Corporation, USA), and
statistical analyses were carried out using BioEstat 5.0 (open
source).

Sanitization assays
The MPF vegetable selected for this study was the pump-

kin (Cucurbita pepo L.). All the pumpkins were directly
acquired from the producer, being cut on the bench, and

without through any sanitation processes at packinghouse.
The pumpkin pieces were meticulously divided into three
distinct groups, ensuring uniformity in size and weight. The
sanitization tests were conducted with three independent
replicates, each comprising three groups of homogeneous
pumpkin pieces. Right after the pumpkin cut and separation
process, the sanitization assays were carried out with three
treatments: NC with autoclaved tap water; PC with employ-
ing a NaClO solution (Chemical Abstract Service number
7681-52-9, purchased from Sigma-Aldrich, Taufkirchen,
Germany) with a concentration of 200 ppm of free chlo-
rine; and MPsQTSO at the bactericidal concentration (T1)
determined previously in the antibacterial activity assays.
The MPF wash in this study was done through by the spray-
ing of each treatment solution until the run-off point in their
respectively evaluated group. The pumpkins were kept under
contact with the test compounds for 2 min. Next, pumpkins
were quickly dried with the help of a hair dryer (non-heated
airflow) for 30 s, and then placed into sterile containers cov-
ered by a porous membrane. The pumpkins were kept under
constant temperature of 13 + 1 °C, thus simulating the stor-
age of the MPF vegetable. The pumpkins were individually
analyzed every 24 h, checking for the state of deterioration,
fungus coverage, bacteria biofilm, color, and consistency.
The deterioration observations were started in the time zero
(after the wash) to the final time (when all pumpkins of all
treatments were rotten).

Results and discussion
MPsQTO characterization

Through FT-IR studies, it was possible to identify the main
groups of chemical interaction between the biopolymer
and the EO of P. anisum. The chemical bonds that drive
the encapsulation processes of the EO are shown in the
spectrum of biopolymer before and after the immobiliza-
tion in the MPsQTO matrix (Fig. 1). The main point of the
chemical ligation was identified in the peak at 1380 cm™!,
which disappeared after the immobilization of the oil
in the biopolymer matrix. This is due to the chemical
interaction between the carboxylic groups present in the
biopolymer molecule with the oil. The 1646 cm™! band
is attributed to the elongation of the bond of the —C and
—N molecules found in both materials due to the amino
group present in the biopolymer and alaninol molecule in
the EO. The absorbance of this region has an increased
intensity, which is related to the increase in the concentra-
tion of the chemical groups after the addition of the EO.
This result is confirmed by the deformation of the peak at
1427 cm™!, which indicates an increase in the curvature
of the spectrum by the addition of the amino group. The
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Fig.1 FT-IR spectrum of the biopolymer before and after the immo-
bilization of EO of P. anisum. The black line is the biopolymer chi-
tosan, and the red line is the chitosan after the immobilization of the
EO of anise in its polymeric matrix (MPsQTO)

peaks at 2927 and 2358 cm™' show the asymmetric elon-
gation of the -CH; and —CH,— groups, respectively. The
peaks, between 3000 and 2850 cm™!, are identified by the
characteristics of the vibration of CO, and hydrogen mol-
ecules. The peak at 650 cm™' shows the stretching of the
aromatic ring present in both materials.

To determine the main P. anisum EO compounds, it was
used the GC-MS/MS spectrometry with the NIST library for
identification of the molecules. The anethole molecule was
identified in higher concentration by the peak at 148 m z™!;
alaninol at 44 m z~"; benzaldehyde at 135 m 7z a-terpinol
at 1143 m z~!; and o-longipinene at 119 m z~! (Fig. 2).
Other compounds were associated in lower concentrations
such as carvacrol, borneol, caryophyllene, and y-terpinene.
The highlight is the anethole molecule with ~89.0% of con-
centration in the analyzed P. anisum EO.

The morphological characterization and particle size of
MPsQTO were evaluated by SEM (Fig. 3). The structural
morphology of MPsQTO was irregular and had a great
number of porous. Furthermore, the size of the particles
was evaluated with a range of 540 to 700 um. MPsQTO
also showed cavities, which allow the EO to adhere in the
biopolymer. The great number of porous and cavities also
increase the contact surface of the MPsQTO with the micro-
organisms and the applied surfaces. The SEM images also
showed that MPsQTO does not behave like a mycelium; on
the contrary, the EO is available in all pores, which allows
a high dispersion of the bactericidal compound. In addition,
this conformation increases the solubility, improving the
antimicrobial action in the sanitization process. The porosity
of the material also allows for better anchoring interaction
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between the chemical bonding groups of the oil and the
polymeric matrix.

Antimicrobial activity of MPsQTO

The bactericidal activities of MPsQTO showed different
inhibition responses, and the bactericidal concentration
also varied for each bacterial species evaluated. S. typhi
was the more susceptible bacteria to the MPsQTO, where
20 uL mL~! of MPsQTO was bactericidal for the S. typhi
(Fig. 4). S. typhi is the bacterium that presents the lowest
MIC for the non-immobilized EO of P. anisum, with its MIC
at 2 ug mL™! of concentration, as reported by Abdel-Reheem
and Oraby (2015). This corroborated our results, as it also
presented the lowest minimum bactericidal concentration
for MPsQTO, when compared to the other bacterial strains
evaluated in the present work. Another factor supporting
the action of the immobilized oil is that MPsQTO exhibited
bactericidal action at 20 uL mL~!, which is proportional to
the MIC of the pure P. anisum EO. As a result of immobi-
lization, the concentration of MPsQTO must be raised to
match the MIC value of pure P. anisum EO. This is because
the contact surface and availability of the antimicrobial
agent have decreased (Braun et al. 2024). On the other hand,
immobilizing EO offers benefits such as increased solubil-
ity and dispersion. It also extends the antimicrobial residual
effect on the food surface while limiting its impact on the
food’s characteristics and properties (Tamayo et al. 2016;
Albuquerque et al. 2022; Braun et al. 2024).

The Gram-positive bacteria B. subtilis, was also shown to
be susceptible to MPsQTO, since 60 uL mL~! of MPsQTO
led all the B. subtilis cells to death (Fig. 4). Nevertheless, E.
coli and P. aeruginosa were more resistant to MPsQTO. The
MPsQTO was only bactericidal for E. coli and P. aeruginosa
at concentrations of 300 and 200 uL mL~! (Fig. 4), respec-
tively. In a direct comparison with S. typhi and B. subtilis,
it can be stated that it was necessary to add ten times the
concentration of MPsQTO to achieve the same antimicro-
bial effect with E. coli and P. aeruginosa. E. coli is a fecal
coliform, so it is very important that MPsQTO has a bacte-
ricidal activity against this bacteria, otherwise its possibil-
ity of use as a sanitizer becomes more limited. An efficient
sanitizer must quickly eliminate mainly bacteria related to
food poisoning and fecal coliforms that may be present in the
food, ensuring the safety of the food in addition to preserv-
ing its main nutritional characteristics (Dilarri et al. 2022).
Davila-Rodriguez et al. (2019) found that a nanoemulsion of
cinnamon EO at a concentration of 100 uL mL ™! effectively
inhibited Listeria monocytogenes and E. coli. Azizkhani
et al. (2013) achieved positive results in inhibiting E. coli
(O157:H7) from baby leaves (baby red and green Batavia
lettuce) by using pure EO of clove and oregano at a concen-
tration of 100 uL mL~!. Although Azizkhani et al. (2013)
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Fig.3 Surface morphology of MPsQTO by SEM, with 200 um of
scale bar

and Davila-Rodriguez et al. (2019) studied pure EO appli-
cations, their inhibitory concentration results for E. coli are
comparable to our findings. Therefore, the results obtained
confirmed the efficiency of MPsQTO in eliminating patho-
genic bacteria, in addition to being efficient against the fecal
coliform evaluated in the present work.

The SD exhibited acceptable variation values, supporting
the bactericidal doses of MPsQTO for all tested bacterial

Fig.4 Antimicrobial activity 6
of MPsQTO for each different

bacterium species evaluated in 5
the present work. The living
cell numbers at Log CFU mL™!
after contact with different
concentrations of MPsQTO are
represented as bars. The whisk-
ers indicate the SD of the mean
of three independent experi-
ments used to verify experimen-
tal errors

Log CFU mL

species. Furthermore, an important factor in Fig. 4 was
the sudden drop in the number of CFU mL™! after reach-
ing the bactericidal concentration. This phenomenon is
observed in all four different bacterial species tested. As
a result, MPsQTO has no dose-response effect, but rather
causes cell death once the bactericidal concentrations are
reached. When a compound inhibits a cell without generat-
ing a dose—response graph, it indicates that the antimicrobial
agent is affecting the surface area of the cell, leading to its
immediate death upon contact. Andrade-Ochoa et al. (2021)
evaluated the EO of P. anisum, which contained 88.9% anet-
hole, being a concentration similar to the EO used in the
present work. Although Andrade-Ochoa et al. (2021) found
that P. anisum EO affects exterior structures, such as cyto-
plasmic membrane and cell wall of bacteria cells, they were
unable to verify whether this is the only mechanism of bac-
tericidal activity. Therefore, fluorescence microscopy assays
were used to elucidate the action mechanism of the material
produced with the EO of P. anisium.

Membrane integrity studies of S. typhi, B. subtilis, E.
coli, and P. aeruginosa cells were investigated through
fluorescence microscopy assays after each bacteria species
was exposed to MPsQTO at its bactericidal concentration.
It was verified that MPsQTO disrupted the cytoplasmatic
membranes of all evaluated bacteria strains after 15 min
of exposure to MPsQTO at the bactericidal concentration
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(Fig. 5). The Tx Red and DAPI Blue filters were applied
to visualize PI and SYTOO in the bacteria cells. Cells with
intact membranes are stained in blue since the PI cannot pass
through the cytoplasmatic membrane. The cells with pores
or ruptures in the membrane are stained in red; due to the
damages in the membrane, the IP managed to enter and stain
the cell from the inside (Savietto et al. 2018). These results
are in line with the anethole molecules identified through
GC-MS spectrometry assays, since the anethole, benzalde-
hyde, a-terpinol, and a-longipinene were already described
as antimicrobial compounds that disrupt the cytoplasmatic
membrane of the bacteria cells (Gharib et al. 2017; Pisoschi
et al. 2018; Chaudhari et al. 2020; Yang et al. 2023). Chaud-
hari et al. (2020) carried out a study very similar to the pre-
sent work, where it was evaluated the antifungal potential
of the anethole immobilized in chitosan nanoemulsion, and

NC

=
g
5
g
g
al

Fig.5 Fluorescence microscopy in cells stained with SYTO9 and PI
after 15 min of exposure to MPsQTO. Cells with intact membranes
are stained in blue; while cells with damaged membranes are stained
in red. The test was considered valid when 90+ 10% of the cells from

they proved that the anethole immobilized in its biopolymer
eliminated the fungus through damage of the cytoplasmic
membrane. Furthermore, the material proposed by Chaud-
hari et al. (2020) showed fungicidal activity with concen-
trations close to 180 uL mL~!, a similar value to the bac-
tericidal concentrations of the material synthesized in the
present work. Although our chitosan biopolymer was com-
plexed on the micro-scale, unlike Chaudhari et al. (2020)
which achieved the nano-scale with the chitosan, the results
obtained proved that its mechanism of action and biocidal
potential/concentration are similar.

The carvacrol, identified in less concentration than
anethole molecules, where also described as a bacteri-
cidal compound, causes damages in the bacterial mem-
brane (Zamuner et al. 2023). Therefore, the antimicrobial
action mechanisms of MPsQTO, which belong to the EO

PC MPsQTO

NC were alive and without any damage at the cytoplasmic membrane,
and 90+ 10% of PC were dead with damaged membranes. The exper-
iment was performed three times and at least 100 cells were evaluated
per experiment (N >300). Scale bar 5 pm; X 100 magnification

@ Springer



5170

International Microbiology (2025) 28 (Suppl 1):5161-5175

of anise, target the cytoplasmatic membrane of the bacte-
ria cell disrupting it, which corroborates with the organic
compounds found in the composition of the anise oil.

The microscopies also showed an unusual characteristic
of the MPsQTO that helps in the antimicrobial action due
to its capacity for aggregation/agglomeration of the bac-
teria cells in the microparticles of the biopolymer (Fig. 5).
In addition to aggregating the cells, causing agglutination,
the MPsQTO ends up preventing the cellular movement
of the bacteria, immobilizing, and further increasing their
contact with the EO of anise present in the biopolymer.
This proves the efficiency of immobilizing anise EO on
chitosan microparticles, increasing the delivery of the
antimicrobial compound, making it soluble and easier to
disperse, in addition to agglutinating microbial cells on
the applied surface. All cells showed the same clustering
behavior due to the positive charges of the NH, groups
that are easily protonated to NH;". In addition, chitosan is
formed by individual polymer chains that are held together
by dipole—dipole bonds and Van der Waals forces, which
generate an electrostatic attraction with the cell surface.
Electrostatic attraction is inevitable because MPsQTO
has positive charges, and the cell surface has a negative
surface charge influenced by diffuse anions and cations
in the electrical double layer with phosphoric groups of
the cell membrane. This region of electrostatic interface
between the aqueous medium and the cell surface is called
the zeta potential, which generates a long-range interaction
between the cells and the microparticles due to the oppo-
site charges (Mendes et al. 2021). After cell attraction in
the microparticles, the bactericidal compounds present in
the EO target damage to the bacteria membrane.

The fluorescence microscopy also proved the fast bac-
tericidal effect of the MPsQTO, since after 15 min of con-
tact with each bacteria species, more than 50% of all cells
were dead. B. subtilis and E. coli were the most susceptible
species in relation to death due to contact time, wherein
after 15 min of contact with MPsQTO, 72.60 +9.04% and
68.93 +£6.11% of the cells were dead with the ruptured cyto-
plasmatic membrane, respectively. On the other hand, S.
typhi and P. aeruginosa were the most resistant specie, with
52.10+5.80% and 59.55 +7.87% of dead cells after the first
15 min of exposure to MPsQTO, respectively. P. aeruginosa
is an opportunistic pathogen with a great capacity to resist
antibiotics, and formatting of multi-drug-tolerant persisted
cells (Pang et al. 2019). Therefore, even with the most resist-
ance capacity, it is possible to highlight the fast effect of the
proposed material in eliminating more than half of the cell
population of P. aeruginosa in the first minutes of contact.
It is important to note that the amount of cells used in this
test is higher than the usual naturally found on contaminated
surfaces and in food, so this inhibitory effect and population
reduction will be greater in a real application.

@ Springer

Although being the bacterial species that presented the
lowest bactericidal concentration of MPsQTO compared to
the others, the microscopy analyses proved that S. fyphi has
the highest number of live cells after 15 min of contact with
MPsQTO, showing that the compound takes longer to have
its effect on S. ryphi cells. Despite this, the S. ryphi cells were
agglutinated even though they still lived due to the effect of
MPsQTO. The loss of mobility, together with the constant
contact with the EO of anise, due to the agglutination car-
ried out by the MPsQTO, is probably what generates such
a low concentration to have a bactericidal effect on S. typhi
cells, even though they take longer to die after contact with
MPsQTO.

Some compounds can target more than one structure
in the bacteria cell, presenting in this way more than one
mechanism of action against the microorganism. Therefore,
it is important to evaluate other possible structures that can
be affected by the antimicrobial compounds. Understand-
ing the mechanisms of action of MPsQTO is essential to
predict the possible selection of resistant microorganisms by
the use of new bactericidal products. FtsZ is a protein (the
ancestral tubulin conserved in bacteria) used to assemble
the divisome, being its function dependent on the nucleo-
tide guanosine triphosphate (GTP) (Du et al. 2016; Hurley
et al. 2016; Xiao and Goley 2016; Tripathy and Sahu 2019;
Mendes et al. 2022). Therefore, any disturbance in this pro-
tein will prevent cell division, in addition to other actions
such as GTPase inhibition will also prevent the FtsZ func-
tional activity. If the bacterial nucleic acid is being affected,
FtsZ will also not be able to form the bacterial divisional
ring. This way, it was used the mutant B. subtilis expressing
FtsZ-GFP exposed to MPsQTO at its bactericidal concen-
tration for 15 min, and subsequently, observed under the
fluorescence microscope.

The results showed that, even after MPsQTO exposure,
the B. subtilis still has an intact divisional septum (Fig. 6).
These results were equal to NC, where was not observed any
disruption of the divisional ring (Fig. 6). Thus, MPsQTO
does not target to block the formation of the divisional ring.
MPsQTO also do not act against the nucleic acid or GTPase
from the bacteria cell. In this way, it was possible to con-
clude that the mechanism of action of MPsQTO only targets
the bacteria cytoplasmatic membrane, which leads the cell
to death.

Mutagenic and carcinogenic assays with S. cerevisiae
D7

Mutagenic and carcinogenic assays with S. cerevisiae
D7 were performed to assess possible harmful effects on
human health. This mutant yeast strain was constructed
and described by Zimmermann et al. (1975) and is widely
used as a model organism to assess the genotoxicity of
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Fig.6 MPsQTO does not
target the bacterial divisome.
The mutant strain B. subtilis
expressing FtsZ-GFP, labelled
for the divisional septum, was
exposed to 60 uL mL~! of
MPsQTO for 15 min before
microscope observation. The
divisional septum corresponds
to the green bar perpendicular
to the long axis of the rods.
The scale bar corresponds to
5 pm; magnification of 100X ;
GFP/PhC is the phase contrast
images superimposed on the
GFP fluorescence images

Negative control

MPsQTO

compounds according to the EPA-Environmental Protec-
tion Agency (EPA-USA 1996). This yeast is genetically
engineered to exhibit a mutation or repair mechanism in its
chromosomes. Zimmermann et al. (1975) describe the yeast
ade?2 heteroallelic locus, which produces the phenotype of
white colonies in the YPD culture medium as shown in the
NC (Fig. 7). However, mutagenic compounds induce mitotic
crossovers and then recombination repair mechanisms at this
heteroallelic site. This mutation results in the inactivation of
the homoallelic ade2 locus and therefore presents the phe-
notype of pink or red colonies in the YPD culture medium
(Fig. 7). This phenotypic alteration is shown in the PC with
the mutagenic agent ethyl methanesulfonate at 1% (v v
(Fig. 7). Thus, to evaluate the potential mutagenic/carcino-
genic effect of MPsQTO, mitotic gene conversion tests were
performed with it.

The results of S. cerevisiae D7 strain growth, after contact
with MPsQTO at 300 uL mL~! (being the higher bacteri-
cidal concentration determined previously) were compared
with the PC and NC. The yeast colonies did not change from
white to pink/red in a significant amount after contact with
MPsQTO (Fig. 7). The NC showed 13.8 £5.3% of pink
or red colonies, being near to the values of the MPsQTO
(14.42+7.14% of pink or red colonies), being similar results
and statistically the same. Therefore, the MPsQTO did not
generate genetic divergences in the ade2 loci. Consequently,
it is possible to conclude that MPsQTO at the concentration
tested in the present studies has no mutagenic effect in the
cells. This result is mainly corroborated by the PC values,

GFP/PhC

GFP

where 94.33 +4.1% of red or pink colonies could be counted,
indicating that MPQTO does not have the same mutagenic
potential as the PC. On the other hand, a reduction in the
number of CFU was observed, an expected result since the
composition of the EO of P. anisum presents aromatic ring
compounds, determined in studies with GC-MS/MS, which
has a biocidal effect against the yeast cells. The antifun-
gal effects of anethole molecules immobilized in chitosan
nanoemulsion have also already been described (Chaudhari
et al. 2020), which corroborate the results obtained showing
an inhibitory effect on S. cerevisiae D7, but without generat-
ing mutagenic effects on the microorganism. Probably if the
concentration of MPsQTO or its contact time was increased,
it would have a fungicidal effect with the total elimination
of S. cerevisiae D7 cells. These results also corroborate that
the action of the material produced in the present work is by
damage to the cell membrane since the yeast chromosomes
did not undergo any type of change.

Sanitization assays

The effectiveness in prolonging the durability of the MPF
was evaluated through the sanitization assays. The fresh-cut
pumpkin, chosen for this assay, showed fungal mycelium
growth after 6 days in the NC and 8 days in the PC. Both
controls also showed a color change, and the pumpkin dried
out at the end of the 12 days of the experiment. One differ-
ence was the microbial growth and formation of bacterial
biofilm after 5 days in the NC, leaving the pumpkin with a
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Fig.7 MPsQTO did not have a mutagenic or carcinogenic effect on
S. cerevisiae D7 cells. a The graph of the percentage of S. cerevi-
siae D7 colonies counted that presented phenotypic alteration due to
genetic changes in the yeast cell chromosome after contact with each
treatment. The axis represents the SD of the samples. Different let-

viscous appearance, and this characteristic was not observed
at any time in the treatments with MPsQTO and PC.

Treatment with MPsQTO at 300 uL mL~! showed less
drying due to the protective layer of the biopolymer that
reduces the degradative oxidation of the organic matter.
The color consequently did not show major changes. It was
also observed molds on the pumpkin surface, but only after
10 days of the experiments (Fig. 8). These results are similar
to the efficiency of protection of EO on the surface of foods
observed by Falcé et al. (2019). Chaudhari et al. (2020)
also made a material similar to that produced in the present
work and obtained positive results in the conservation of
maize, managing to have antifungal action, thus increasing
the storage time of the maize. Furthermore, Chaudhari et al.
(2020) managed to relate this increase in storage time with
the antioxidant action belonging to anethole, which ended
up being prolonged even further by the residual effect of
chitosan. This study by Chaudhari et al. (2020) corrobo-
rates the results obtained in the present sanitization assays,
since in addition to prolonging shelf life and inhibiting the
appearance of fungi for a longer time, MPsQTO showed
antioxidant activity (belonging to the anethole), reduction
of the drying effect, and maintaining the color and texture
of the tested food for much longer than PC (200 ppm of free
chlorine).

For the conservation of an MPF, it is very important that
the conservation treatment does not affect the sensory prop-
erties of the food, as reported by Alvarez et al. (2015), where
the gallic acid treatment reduced vegetable sample quality,
especially under high temperature, causing celery brown-
ing, off-odors, and texture deterioration in pumpkin cubes.

@ Springer
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MPsQTO

ters show the statistical difference between the treatments (P <0.05)
by the non-parametric statistical analysis of Kruskal-Wallis. b The
photos of the respective plates to illustrate the phenotypic change
observed in the experiment

This was a positive observation following the sanitization
tests, as the MPsQTO did not change the main characteris-
tics of the pumpkin, including their color and odor. Soares
et al. (2018) achieved favorable results using the biopolymer
chitosan in combination with a vacuum process, whereas
similar to our findings, chitosan facilitated a reduction in
pumpkin dehydration and extended the food’s shelf life. This
validates the selection and effectiveness of using chitosan as
a polymeric matrix for this application and the production of
our antimicrobial material. Santos et al. (2016) utilized car-
vacrol coatings as the primary antimicrobial agent. Despite
carvacrol’s notable traits, such as its odor and other chemi-
cal characteristics, the experiments conducted by Santos
et al. (2016) confirmed that there were no alterations in the
physicochemical parameters analyzed in the pumpkins, a
result consistent with the findings for the applied MPsQTO
in the current study. It is worth highlighting that carvacrol
is a component of many EO. Therefore, even containing EO
of anise, MPsQTO also did not cause many changes in the
physicochemical or visual parameters of the pumpkins after
its application in the present work.

Conclusion

Chitosan proved to be an efficient polymeric matrix for the
immobilization of P. anisum EO, maintaining the bacteri-
cidal properties of the EO, and facilitating its application
while prolonging its residual antimicrobial effect.

The synthesized material also showed a micro-scale with
a proximate size of 700 um and many pores and cavities. The
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Fig.8 Comparison of fresh-
cut pumpkin before and after
sanitization with MPsQTO. A
The fresh-cut pumpkin before
sanitization with MPsQTO at
300 uL. mL~! of concentration.
B The fresh-cut pumpkin after
sanitization with MPsQTO at
300 uL mL~" in the final experi-
ment time of 12 days. C The
fresh-cut pumpkin before sani-
tization with any compound. D
The fresh-cut pumpkin after
sanitization with autoclaved tap
water in the final experiment
time of 12 days. E The fresh-cut
pumpkin before sanitization
with 200 ppm of free chlorine.
F The fresh-cut pumpkin after
sanitization with 200 ppm of
free chlorine in the final experi-
ment time of 12 days

main molecule identified through GC-MS/MS was anethole
(~89.0% of concentration), the main antibacterial agent in
the EO.

The MPsQTO proved to be bactericidal against S. typhi,
B. subtilis, E. coli, and P. aeruginosa, managing to elimi-
nate all different species when used at a concentration of
300 uL mL~!. MPsQTO also did not show any mutagenic
or carcinogenic effect in the toxicity tests with the mutant
S. cerevisiae D7 when applied at the concentrations used in
the present work.

Membrane integrity assays showed that MPsQTO targets
the cytoplasmic membrane, directly affecting its structure
and causing rapid cell death. Fluorescence microscope
analysis of B. subtilis expressing FtsZ-GFP revealed that
MPsQTO does not impact the divisional ring, DNA, or
GTPase. Therefore, it was concluded that the only target of
MPsQTO is the bacterial cytoplasmic membrane. It was also
confirmed that MPsQTO has the ability to agglutinate bacte-
rial cells, immobilizing them and facilitating their exposure
to the EO of P. anisum.

The MPsQTO at 300 uL mL~! was efficient as a sani-
tizer for pumpkin MPF, prolonging the shelf life of the food.
Therefore, the proposed biomaterial produced can be con-
sidered as a substitute for NaOCl in the sanitization of food
in packinghouses.
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Abstract Pesticides can impact the agriculture
and environmental sector both positively and nega-
tively. An over-reliance on their application to crops
to control pests can disturb ecosystems. Therefore,
the scientific community and policymakers must
be aware of the commitment and active stance they
need to take up to effectively elaborate on solutions
toward mitigating environmental contamination over
the coming few years. We, therefore, reviewed the
academic literature on bioremediation from 2018 to
2021 (the latest year of complete publication) to pro-
vide a meta-analysis of microbial systems capable of
dissipating pesticides from agricultural soils. Natural
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attenuation can control lindane; however, it is time-
consuming and unconvincing to scale. By introduc-
ing a suite of microorganisms into the system for
substrate-specific biodegradation, we can boost the
bioprocess and ultimately level up its cost-effective-
ness. Options of microorganisms for bioaugmenta-
tion include the fungus Trametes versicolor and the
bacteria Pigmentiphaga spp. and Paenanthrobacter
spp. Bioaugmentation and biostimulation are ena-
blers of environmental reclamation in agroecosys-
tems. However, those biocatalytic strategies can be
costly while manifesting as degraders to ecological
sustainability. For instance, allochthonous and recom-
binant microorganisms can reduce genetic diversity
by promoting antagonistic relationships. In addition,
some stimulant minerals can be more toxic and harm-
ful to beneficial non-target organisms than the target
pesticide. Prudence and safety are significant aspects
of ensuring environmentally safer applications for
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pesticide-degrading approaches. Therefore, our ana-
lytical insights can provide knowledge to progress
the field’s prominence in developing high-throughput
microbiological removal of hazardous active com-
pounds from agricultural soils.

Keywords Agroecosystems - Environmental
depollution - Harmful compounds - Metabolic
pathways

Abbreviations
CFU Colony-forming unit

DGGE  Denaturing gradient gel electrophoresis
DNA Deoxyribonucleic acid

FAO Food and agriculture organization

OM Organic matter

PLFA Phospholipid fatty acid analysis

RNA Ribonucleic acid

rRNA Ribosomal ribonucleic acid

T-RLFP Terminal restriction fragment length
polymorphism

1 Introduction

FAO ’s food security and nutrition experts estimate
the world population at 10 billion by 2050 (FAO
2021). Therefore, agriculture will likely require an
increasingly higher level of resource inputs to pro-
duce food and feed people sustainably over the com-
ing years (Sharma et al. 2019). However, intensify-
ing agricultural systems will likely make it harder for
stakeholders (e.g., governments, regulatory agencies,
and producers) to address an increasing pressure to
farm responsibly and reduce the negative environ-
mental impacts such as pollution and contamination
by fertilizers and pesticides (Gyawali 2018; Sharma
et al. 2019; Gomes et al. 2020). For instance, contam-
ination, particularly by more than one active pesticide
ingredient over global arable land, is approximately
24.5 million km? (Tang et al. 2021). An over-reli-
ance on the application of pesticides onto crops to
control pests can be hazardous and effectively harm
the biota by exposing it both directly and indirectly
to genotoxicity (Ferreira et al. 2021; Kapeleka et al.
2021; Cuenca et al. 2019), cancer-causing malig-
nant tumor (Matich et al. 2021; Ventura et al. 2019),
neurotoxicity (Mostafalou and Abdollahi 2017), and

@ Springer

reproductive and metabolic disruption (Richardson
et al. 2019).

Unsuitable and unsustainable application of pesti-
cides in high-throughput agroecosystems can threaten
society and the environment (Gongalves and Dela-
bona 2022; Gomes et al. 2020). Therefore, elaborat-
ing on strategic, catalytic, resilience-building actions
toward mitigating persistent residues can be signifi-
cant for environmental protection and sustainable
production (Mir et al. 2020). An option would be
microbial bioremediation, including strategies such as
natural attenuation, bioaugmentation, biostimulation,
and synergistic plant-microbe associations (Fig. 1).
In natural attenuation, a decrease in the concentra-
tion of contaminants occurs due to a combination of
natural events, such as volatilization, dilution, run-off,
adsorption, microbial degradation, and others, with-
out human interference. Bioaugmentation is related to
the incorporation of microorganisms (autochthonous,
allochthonous, and/or OGM) presenting an enzymatic
complex capable of biodegrading the target con-
taminant. Biostimulation accelerates autochthonous
microbial growth by nutrient addition or adjustments
to the physicochemical conditions in the polluted site.
In contrast, in plant-microbe associations plants and
microorganisms act in cooperation, in which plants
supply appropriate environmental conditions to
enhance microbial degradation of contaminants (Deh-
navi, Ebrahimipour 2022; Laczi et al. 2020; Mazzeo
et al. 2014).

As microorganisms can act as biodegraders or
biotransformers of pollutants/contaminants (Bhatt
et al. 2021a, 2021b), we review the recent academic
literature on bioremediation to provide a meta-anal-
ysis of microbial pesticide-degrading biosystems.
Researchers often collect and summarize evidence
from eligible independent studies to answer specific
questions, such as the detoxification of chlorpyrifos
or 24-dichlorophenol from terrestrial ecosystems
and industrial wastewater streams, implementation of
biosafety for GMOs, and legislation and regulation of
environmental restoration and reclamation worldwide
(Table 1). However, they do not emphasize applying
statistics to metadata to synthesize trends and pro-
vide analytical insights into microbial bioremediation
of pesticides from agricultural soils, as we focus on
in our review. Our meta-analysis generates in-depth
knowledge while ensuring more critical and accurate
information on a variety of technical-scientific topics
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Microbial pesticide-remediating pathways

Bioaugmentation
Enriched/engineered
degraders

Lower cell counting
Slower degradation

s ® -
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Plant-microbe
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Higher stability/ capability

Biostimulation
Increasing
growth/bioavailability

(M

Nutrient (“mineral”)

Plant cell (root)

Fig. 1 Natural attenuation, bioaugmentation, biostimulation, and symbiotic plant—microbe interaction as approaches for microbial

bioremediation of pesticides from agricultural soils

(such as those listed below) for the community-span-
ning readership compared to a compilation of inves-
tigations or trials within a systematic review, which
generally sounds descriptive. We additionally shed
light on the quality of research to identify methodo-
logical inconsistencies and improve the experimental
soundness and addressability in conducting cutting-
edge science.

2 General quality of research
and biotechnological development in microbial
bioremediation

The recent academic literature on microbial systems
for bioremediation is heterogeneous. It unfolds into
the topic clusters, namely natural attenuation, bioaug-
mentation and biostimulation, microbial community,
and metabolism according to our search on Elsevi-
er’s Scopus and Clarivate’s Web of Science (Figure
S1, Supplementary data). Comparatively, microbial
community (47.20%) and metabolism (39.60%) have
a greater intellectual interest of the scientific com-
munity than bioaugmentation and biostimulation
(7.55%), and natural attenuation (5.65%) (Figure S2,
Supplementary data). Clearly, research and biotech-
nological development in microbial bioremediation

progress at the molecular level. However, by analyz-
ing the period of our integrative review, we cannot hit
up a single perfect study for soundness. The authors
do not provide sufficient information approximately
any topic cluster, nor describe methods and analyzes
clearly. Some studies are not be methodologically
rigorous and reproducible by another independent
researcher. Instrumental data on pesticide, microor-
ganism, substrate, and molecular analysis are miss-
ing across full-text articles. Thus, they can on aver-
age provide only 72.55% of the information we might
expect from an intricate scientific study for pro-
gressing the field of agricultural and environmental
research.

Natural attenuation is the most consistent topic
cluster. It can meet 86.75% of the total field-level
criteria (Table S1, Supplementary material). The
opposite is true for the microbial community. It can
only meet 66.25% of the total field-level criteria. Bio-
augmentation and biostimulation, and metabolism
(molecular analysis) are intermediate. They can on
average meet 76.25% of the total arbitrary keys to the
overall quality of the research and biotechnological
development. Precisely, 2 (~66.65%) out of 3 eligi-
ble full-text articles on natural attenuation can pro-
vide 90.00% of the total information approximately
the soil-pesticide-microorganism nexus. Therefore,
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Table 1 Pesticide bioremediation review articles in the period of publication of 2018-2021 on Scopus and Web of Science

Subject

Reference

Microbial biodegradation of chlorpyrifos by autochthonous (natural attenuation) and allochthonous
microorganisms for bioaugmentation

Microbial biodegradation of OPs and OCs by surfactant-synthesizing microbes in the context of India
Microbial biodegradation of insecticides (neonicotinoids) from agroecosystems
Microbial biodegradation of chlorpyrifos from wastewater streams with an auxiliary photocatalysis

Microbial biodegradation of CECs by synthetically and metabolically engineered microbial scavengers
to minimize the negative impacts of GMOs on ecosystems (biosafety)

Mycoremediation of OCs, such as HCH, endosulfan, DDT, and pentachlorophenol, by ligninolytic fungi
and enzymes (e.g., dehalogenases)

Microbial biodegradation and biochemistry of carbamates, such as aldicarb, oxamyl, carbofuran, carba-
ryl, and methomyl, by high-performance strains

Microbial biodegradation of OPs, OCs, anilinopyrimidines, carbamates, pyrethroids, neonicotinoids, and
triazines, by bacteria, fungi, algae, and biocatalytic (enzymatic) systems from agroecosystems

Bioremediation of pesticides from agricultural soils: classification and toxicity of prevalent active com-
pounds to humans, animals, and plants, and elements of the legislation

Biodiversity of bacteria and fungi capable of degrading carbamates, OCs, OPs, and pyrethroids, and
their impacts on agriculture and human health

Microbial biodegradation of neonicotinoids, such as acetamiprid, nitenpyram, thiamethoxam, and clo-
thianidin, by bacteria fungi, and yeasts in soils, biobeds, and biomixtures

Microbial biodegradation of dichlorvos (organophosphorus insecticide/acaricide) by bacteria and fungi

Bacterial removal of aromatic compounds, heavy, PAHs, and pesticides (i.e., HCH) from terrestrial and
aquatic niches, such as agricultural soil, by Sphingopyxis sp.

Microbial removal of pesticides from the environment by consortia

Degradation of OPs, such as chlorpyrifos and malathion, by chemical (e.g., oxidation, catalytic hydroly-
sis, ionizing radiation) and biological (e.g., microbes and substrate-specific enzymes) processes

Bacterial biodegradation of herbicides: bioaugmentation, consortia, plasmid-containing pesticide-
degrading genes, and omics approaches for screening, monitoring, and environmental control

Phytoremediation and microbial bioremediation of pesticides from soils

Environmental dissipation of OCs by phytoremediation and microbial bioremediation with auxiliary
substrate-specific semiconductors or photocatalysts

Microbial bioremediation of phenolic compounds, such as 2,4-D and its metabolite 2,4-DCP, from
agroecosystems

Phytoremediation, microbial bioremediation, and integrative plant-microbe remediation of co-contami-
nants, such as heavy metals (e.g., Cr, Cu, Pb, Zn, As, and Cd) and pesticides (e.g., HCH and carbenda-
zim), from soils

Occurrence, bioremediation, and management of pesticides, such as OPs, OCs, and inorganics, in the
context of India

Microbial biodegradation and biochemistry of neonicotinoids, such as imidacloprid, nitenpyram, aceta-
miprid, thiacloprid, thiamethoxam, clothianidin, and dinotefuran

Microbial biodegradation of pesticides from natural ecosystems and omics approaches (e.g., genomics,
transcriptomics, proteomics, and metabolomics) to study communities qualitatively and quantitatively

Catalytic (bio)degradation of OPs, such as chlorpyrifos and malathion, by highly specific and stable
hydrolyzing enzymes chemical methods

Bacterial (enzymatic) biodegradation of chlorpyrifos from agricultural and industrial sites and natural
aquatic ecosystems

Biological removal of endosulfan from ecosystems through natural attenuation, bacterial degradation,
co-mycoremediation, and phytoremediation with bioaugmentation or biostimulation

Microbial biodegradation of POPs, such as pesticides, PCBs, PAHs, and PPCPs, from wastewater: Bio-
augmentation, biostimulation, and GMOs for high-throughput bioremediation

Varghese et al. (2021)

Raj et al. (2021)
Ahmad et al. (2021)
Bose et al. (2021)
Tran et al. (2021)

Bokade et al. (2021)
Mishra et al. (2021)
Sarker et al. (2021)

Raffa and Chiampo (2021)
Kumar et al. (2021)

Anjos et al. (2021)

Zhang et al. (2021)
Sharma et al. (2021)

Bhatt et al. (2021a)
Kaushal et al. (2021)

Pileggi et al. (2020)

Tarla et al. (2020)
Ajiboye et al. (2020)

Magnoli et al. (2020)

Zhang et al. (2020a, b)

Rajmohan et al. (2020)
Pang et al. (2020)
Rodriguez et al. (2020)
Thakur et al. (2019)
Dar et al. (2019)
Mudhoo et al. (2019)

Gaur et al. (2018)
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Table 1 (continued)

Subject

Reference

Decontamination of pesticides, such as OPs, OCs, nitrogen-benzenes, phenols, and metallo-organics, in

Sun et al. (2018)

agricultural soils: phytoremediation, microbial biodegradation, and biosorption with bioaugmentation

or biostimulation

Biological (bacteria and fungi), physical (e.g., clays and zeolites), and chemical (e.g., UV-H,0, UV-

Marican et al. (2018)

ozone, zero-valent iron, and photocatalysis) remediation of pesticides from terrestrial and aquatic

systems

Contaminants of emerging concern, CECs: aromatic compounds, organic halogens, heavy metals, greenhouse gases, microplastics,

and pesticides;

GMOs Genetically modified organisms, HCH Hexachlorocyclohexane; DDT dichlorodiphenyltrichloroethane; PHAs polycyclic aro-
matic hydrocarbons; DCP dichlorophenol; OPs organophosphates; OCs organochlorines; POPs persistent organic compounds; PCBs
polychlorinated biphenyls; PPCPs pharmaceuticals and personal care products

they are missing 10.00% of data on the purity/analyti-
cal grade of the active ingredient, and quantification/
qualification of the metabolic outcome. The purity/
analytical degree does score 0.60, while the metabolic
outcome does not score, making it the most limiting
key for soundness of research and biotechnological
development in natural attenuation.

Half of the contemporary publications particularly
in bioaugmentation and biostimulation can describe
the experimentation at an appreciable rate of 95.00%,
while another half can detail it at up to 70.00%.
Therefore, "down-scoring" studies could not be con-
sistent by missing data on purity/analytical grade of
pesticide, colony-forming unit, soil’s physicochemi-
cal properties (i.e., pH, OM, and texture), and quan-
tification/qualification of the metabolic outcome.
Purity/analytical degree, CFU, pH, and OM score
equally at 0.75, while the score for the texture is 0.50.
In contrast, quantification/qualification of metabolic
outcome does not score, making it again the most
limiting variable for soundness of research and bio-
technological development in bioaugmentation and
biostimulation.

A single study on the microbial community can
address all relevant filters for soundness of research
and biotechnological development, according to our
methodological rigor. Of the eligible 26 full-text arti-
cles, 12 and 9 can meet 80.00% and 60.00% of the
total field-level criteria, respectively, while the rate
for the other 4 can range from 20.00% to 40.00%. A
significant piece of information on the nature of the
active ingredient, characterization of autochthonous
or allochthonous microorganisms, and specification
of soil is missing. Thus, the series of soil does score
only 0.20, making it the most limiting variable. The

opposite is true for molecular analysis. All studies can
completely describe the analysis of the composition
and function of potential pesticide-degrading micro-
organisms through microbiome sequencing, metagen-
omics, PLFA, or DGGE.

Out of 21 studies on metabolism, only 2 fulfill
the checklist. They completely provide information
on precursor and metabolite at the level of pesticide
level, specification and the origin of biodegraders/
biotransformers at the organismal level, pathway,
enzyme and gene at the metabolic level, and database
and instrumentation (e.g., chromatographer, spec-
trometer, and thermocycler) at the analytical level.
Of the other 19 studies not scoring perfectly, 12 can
describe the experimentation at an acceptable rate of
70.00-90.00%, and 7 can provide only 44.45-66.65%
of the total information. They are missing most of the
data at the metabolic level, so the pathway, enzyme,
and gene do score 0.80, 0.50, and 0.30, respectively.
Other intermediate limiting variables refer to metabo-
lite/instrumentation and database by scoring 0.75 and
0.50, respectively. Therefore, quantification/qualifi-
cation of metabolic outcome is missing once again.
Clearly, it is the most limiting scholar trade-off in
making cutting-edge science in microbial bioreme-
diation. Therefore, the scientific community must
correct this if it is to effectively advance the field’s
prominence in natural attenuation and bioaugmenta-
tion, and biostimulation over the coming few years.
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3 The state-of-the-art dissipating pesticides
out of agricultural soils

3.1 Pesticides

The scientific community is extremely likely to
elaborate natural attenuation, bioaugmentation, and
biostimulation into actionable solutions to remediate
an extensive list of pesticides in soils in croplands and
grasslands. Thus, the scholarly set of chemicals is het-
erogeneous. Conceptually, it consists of fungicides,
herbicides, insecticides/acaricides, molluscicides, and
nematicides. Researchers focus more on insecticides/
acaricides and herbicides (Figure S3, Supplementary
data). Thus, they represent 40.00% and 37.75% of
the total readable thirty-one records across fifty-five
full-text articles, respectively. In contrast, mollusci-
cides and nematicides are less frequent. Together they
represent 6.70% of the total. Fungicides comprise the
intermediate group representing 15.55% of the total.
Pyrethroids (35.00%), organophosphates (20.00%),
neonicotinoids (20.00%), organochlorines (15.00%),
carbamates (5.00%), and benzothiadiazoles (5.00%)
are the most influential classes of insecticide. Tri-
azinones (45.00%), phenylureas (25.00%), dinitroani-
lines (20.00%), and imidazolinones (10.00%) are the
most influential classes of herbicide, while the group
of insecticides distributes equally (25.00%) into the
classes, namely benzimidazoles, imidazoles/sulphon-
amides, phenylamides, and triazoles. Out of 70 obser-
vations particularly for insecticides, approximately
15.70% and 10.50% refer to lindane (organochlorine)
and nitenpyram (neonicotinoid), respectively. Out of
60 observations particularly for herbicides, atrazine
(triazinone) and diuron (phenylurea) are the most
frequent active ingredients. They represent approxi-
mately 31.25% and 12.50% of the total set, respec-
tively. No predominant molecule exists for fungi-
cides/acaricides, molluscicides, and nematicides.

3.2 Microorganisms

Bacteria are the foundation of microbial remediation
of pesticides. Approximately 83.00% of the articles
reviewed are extremely likely to rely on powerful
bacterial metabolism to elaborate pure and compos-
ite microbial systems highly capable of biodegrada-
tion or biotransformation. In contrast, research in
fungi is still at an early stage of development, and
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they represent only 17.00% of the total set. The set
of bacteria is comprehensive. However, we can unfold
it into bacterial phyla, namely Proteobacteria, Act-
inobacteria, Firmicutes, Bacteroidetes, Gammapro-
teobacteria,  Alphaproteobacteria, Acidobacteria,
Chloroflexi, Gemmatimonadetes, Kaiserbacteria,
Planctomycetes, Sphingobacteria, and Verrumicrobia.
Meanwhile, the most active phyla of fungi in contem-
porary literature are Ascomycota, Basidiomycota,
Chytridiomycota, Mucoromycota, Oomycota, and
Zygomycota.

Precisely, Proteobacteria represent 52.00% of the
total subset, ranking it first out of 13 bacterial phyla
attributable to our database. Actinobacteria, Firmi-
cutes, Bacteroidetes, and Gammaproteobacteria rank
next in the bibliographic collection’s top 5 bacte-
rial phyla by representing 14.00%, 13.00%, 8.00%,
and 4.00% of the total, respectively. Complementa-
rily, Ascomycota, and Basidiomycota dominate over
the other phyla of fungi. They represent 53.50% and
26.50% of the total set, respectively. Chytridiomy-
cota, Mucoromycota, Oomycota, and Zygomycota are
likely to contribute equally (5.00%). Thus, together
they represent 20.00% of other phyla of fungi.

Overall, by cross-analyzing the 90 records, par-
ticularly for phyla of bacteria (68.45%) and fungi
(31.55%), we can identify the most frequent ones,
namely Proteobacteria (42.60%), Actinobacteria
(11.50%), Firmicutes (10.60%), Ascomycota (8.95%),
and Bacteroidetes (6.20%). Basidiomycota, Gam-
maproteobacteria, and Alphaproteobacteria are inter-
mediate by representing approximately 4.40%, 3.55%,
and 1.75% of the total, respectively. In contrast, Aci-

dobacteria, Chlorobacteria, = Gemmatimonadetes,
Kaiserbacteria, Planctomycetes, Sphingobacteria,
Verrumicrobia, Chytridiomycota, Mucoromycota,

Oomycota, and Zygomycota are likely to have a lower
intellectual interest of the scientific community. They
contribute equally (0.95%) and, together, represent
only 10.45% of the total subset.

3.3 Insights into microbial remedial approaches for
environmental reclamation in agroecosystems

3.3.1 Natural attenuation
Pesticides can negatively impact the society and

environment. For instance, lindane is hazardous and
can harm beneficial non-target living things, such as
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pollinators, arthropods, and mammals, by polluting/
contaminating the agricultural landscapes and sur-
roundings or via bioaccumulation of the food web
(Feng et al. 2020a, 2020b). Thus, official regulatory
authorities and the scientific community do advise
against spreading lindane or any hazardous organo-
chlorine onto farms to control insects for occupational
safety and human health, and welfare (Nwankwegu
et al. 2022). However, by reviewing the contemporary
literature on micro-scale pesticide-degrading biosys-
tems, we can screen experimental data on residual
lindane in agricultural soil from the study by Feng
et al. (2020a). It is persistent and can thrive through
the ecosystem for a longer time than we might expect

on an adequate administration and functional agroe-
cosystem. However, it can be biodegraded (Feng et al.
2020b, 2020c). A community of wild microorgan-
isms capable of enduring a harsher environment can
dissipate 72.10% lindane out of an oxidic substrate
naturally. In contrast, it can attenuate only 22.15%
sulfentrazone, although sulfentrazone concentration
in soil was much higher than lindane and may there-
fore have impacted attenuation to a greater extent
(Santos et al. 2019) (Fig. 2). Natural attenuation over
lindane or any similar alpha/beta/gamma isomer of
HCH will likely succeed more cost-effectively in
farming systems, where either maize, rice, soybean,
or any crop can preserve functional microorganisms

Fig. 2 Microorganisms
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in the rhizoplane/rhizosphere (Almario et al. 2017;
Santos-Medellin et al. 2017; Zhang et al. 2018). How
organisms interact to synergistically thrive through
a challenging condition is instrumental to natural
attenuation to successfully dissipate xenobiotics. The
colonization of a plant by a group of microorganisms
is species-specific and dynamic. While the plant pro-
vides the microbial population a wealth of nutritive
exudates (e.g., organic acids) from roots and even
protection against stressing abiotic and biotic agents
(Marasco et al. 2018; Zhang et al. 2018), the role of
bacteria and fungi in biodegrading or biotransforming
a toxic compound, both naturally and artificially, can
enable the vegetable component to grow healthily and
productively (Santos-Medellin et al. 2017). Even if a
pollutant is highly toxic and recalcitrant, such as lin-
dane, a stable yet environmentally responsive micro-
biota can metabolize it into a simpler and less harm-
ful outcome (e.g., H,O and CO,) than the precursor
for the plant-soil system. However, biodegradation/
biotransformation could inadvertently make an out-
come of microbial metabolism further toxic, poten-
tially disrupting ecological sustenance (Salam et al.
2017).

Solubility and volatility are determinants of the
fate and bioavailability of a pollutant (Table S2,
Supplementary material). Water-soluble pesticides
can easily leach out of the system to anaerobic
sites, where oxygen insufficient can limit the natu-
ral attenuation by constraining the supply of energy
to the aerobic microbial community (Rissato et al.
2015). Furthermore, run-off can transport a pesticide
to bodies of water existing on the surface or under-
ground, making it unavailable rather than accessible
to autochthonous/allochthonous biodegraders and
biotransformers (Zhu et al. 2019). Our meta-analy-
sis can timely show the benefit of texturally heavier
substrate for the bioremediation of highly leachable
active ingredients into the significant positive spatial
correlation (r=0.9585) between the content of clay
in kaolinitic/haematitic/gibbsitic soil and attenuation
of lindane and sulfentrazone. Texture influences the
natural attenuation both positively and negatively. For
instance, sand makes it easier for sulfentrazone or any
hydrophilic pesticide to flow through the profile than
clay (Reis et al. 2017). A “smoother motion” of the
molecule, from the top to deeper layers, where oxy-
gen often is deficient, can limit the decomposition
in most instances. Most importantly, it can promote
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further leaching, making it harder for microbiota to
access water-soluble molecules (Santos et al. 2019).
Therefore, natural attenuation of mobile active ingre-
dients in texturally lighter and more acidic soils is
inefficient (Braga 2016; Mansour 2018), it becomes
rather obsolete, driving the need to develop and
implement high-throughput bioremediation (Randika
et al. 2022).

By managing organic matter (significant positive
correlation with attenuation; r=0.9865) to amend
the soil at a pH lower than the pKa of sulfentrazone
(~6.55), we can effectively control both the ionization
and the mobility of the residual herbicide. Particu-
larly in tropical systems, where isoelectric weather-
ing is more intensive, natural attenuation can support
remediation and build-up environmental resilience
(Santos et al. 2019). Furthermore, increasing pH
to near neutrality can enhance the natural attenua-
tion of sulfentrazone by Pseudomonas spp. (Mueller
et al. 2014). Bacillus spp., Streptomyces spp., Sphin-
gomonas spp., Clostridium spp., and Desulfovibrio
spp. can effectively mineralize organochlorines, even
in drylands (Xu et al. 2018a). The role of Bacillus
spp., Sphingomonas spp., and Streptomyces spp. in
biologically dissipating lindane is more prominent in
the rhizosphere of maize, relative to soybean and rice
(Feng et al. 2020b). Maize’s exudates (e.g., organic
acids and sugars) are more beneficial to aerobic
rhizospheric biodegraders (Xu et al. 2018b). Addi-
tionally, they can more effectively promote microbial
decomposers of endosulfan and atrazine (Ishag et al.
2017). However, they do not necessarily benefit the
alpha diversity as is the case with the exudates from
rice (Feng et al. 2020a).

The anoxic rhizoplane of rice can improve the
activity of Geobacter spp., Clostridium spp., and
Flavobacterium spp. as electron-donating agents in
the process of oxidation-reduction. Hence, it makes
them capable of decomposing lindane under flooding
even faster than we might expect in an aerobic con-
dition (Xu et al. 2018a). By analyzing the evidence
from the exploratory study by Xu et al. (2018a), we
could hypothesize whether a gradual release of radial
oxygen by rice is capable of compensating for the
deficient energy supply, enabling bacteria to carry
out effective attenuation. Another reasonable assump-
tion would be facultative anaerobic metabolism (Feng
et al. 2020a), although anaerobiosis rarely outper-
forms aerobiosis in conditioning bacteria and fungi to
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the removal of pesticides. Microbes under an anoxic
condition are likely to underperform in dechlorina-
tion and reduction of either Fe** or SO,*~ (Zhu et al.
2019). Dechlorinating/reducing bacteria are signifi-
cant to an effective and resilience-building natural
attenuation of organochlorines. However, dechlorina-
tion is time-consuming and requires the soil to be fer-
tile. If not, the substrate could be nutritionally insuf-
ficient to support microbial cometabolism. Thereby,
biostimulation of S or sulfite salt or even bioaugmen-
tation of highly chlorine-degrading strains can be an
enabler for boosting the biological process and mak-
ing the application of natural attenuation in the envi-
ronmental depollution of lindane feasible. Overall,
research and biotechnological development on natural
attenuation is at an embryonic stage, yet provides for-
ward knowledge of relevance to progress in the field’s
prominence in remediating lindane and sulfentrazone.

3.3.2 Bioaugmentation and biostimulation

Bioaugmentation is a specialty of bioremediation (Xu
et al. 2019; Randika et al. 2022). It is an eco-compat-
ible approach and, conceptually, consists of introduc-
ing into the system a group of enhancer microorgan-
isms, whether for removing a pollutant/contaminant
relevant to a context (e.g., agriculture) (Pimmata et al.
2013; Das and Dash 2014; Cycon et al. 2017; Rai-
mondo et al. 2020a, 2020b, Lima et al. 2022).

Thus, bioaugmentation is flexible and can run
in situ and ex-situ. Most notably, it can even degrade
a highly toxic and recalcitrant compound in an eco-
system where we might not expect to effectively
remediate it on natural attenuation (Iwamoto and
Nasu 2001). Bioaugmentation and biostimulation can
overcome xenobiotics by dissipating them out of the
target site with greater cost-effectiveness than possi-
ble with mainstream bioremediation (Pimmata et al.
2013; Raimondo et al. 2020a, 2020b; Zhang et al.
2020a, b).

Bioaugmentation provides us with the opportunity
to leverage autochthonous, allochthonous, and, most
excitingly, genetically modified microorganisms with
recombinant DNA technology (Nwankwegu et al.
2022) to develop bioremediation strategies for harsher
environments (Varghese et al. 2021). In such circum-
stances, it can be more difficult to intervene properly
in depollution or decontamination due to a more com-
plex plant-soil-molecule nexus (Varghese et al. 2021).

Autochthonous bioremediation consists of reintroduc-
ing into the original site a group of native microor-
ganisms from another mimetic microcosm containing
the target-pesticide for adaptation (Varghese et al.
2021). Allochthonous bioremediation refers to the
seamless action of isolating highly pesticide-degrad-
ing microorganisms. Introducing them into the tar-
get geolocation where we might expect to expedite a
remedial approach (Mehta et al. 2021; Varghese et al.
2021). The objective of genetically modified bioaug-
mentation is to explore the power and expression of
functional proteins as catalyzers for more thriving
and responsive bioremediation (Varghese et al. 2021).

Bioaugmentation is dependent upon the environ-
ment and microbial system, besides the nature, con-
centration, bioavailability, and recalcitrance of the
pollutant. For instance, abiotic and biotic agents can
impact bioaugmentation both positively and nega-
tively. And immobilization or any other carrier or
matrix to support an additional level of biodegraders
or biotransformers can enable remediating an envi-
ronment, where temperature, pH, fertility, or even
antagonistic relationships (e.g., succession and com-
petition) make it harder for breaking down a pollut-
ant/contaminant (Varghese et al. 2021).

Biostimulation is the enrichment of the indigenous
microbial population by fundamentally optimizing
environmental conditions, such as aeration, nutrient
content, pH, and temperature (Andreolli et al. 2015;
Aldas-Vargas et al. 2021). Hence, it acts as an open-
ing of enablers for building-up cutting-edge biosys-
tems to remediate sites where the high concentration
of a compound hinders the application of mainstream
bioremediation or even special bioaugmentation
(Aldas-Vargas et al. 2021).

For instance, strategically adding into the ecosys-
tem an amount of limiting nutrients (e.g., P, N, and
C) for the microbial growth, can compensate for the
deficiency of either electron donors or acceptors, or
stimulate metabolic pathways to an effective rather
than inhibitory or lagging remedial intervention
(Andreolli et al. 2015; Aldas-Vargas et al. 2021). An
option of organic enhancer for biostimulation would
be livestock manure. It is highly effective to improve
soil fertility and, by scaling up, it could support the
abatement of persistent pesticides such as chlorpyri-
fos in the real world (Vischetti et al. 2007; Romyen
et al. 2007).
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Other potential organic sources include compost
and municipal solid waste, while the industrial NPK
fertilizers comprise inorganic solutions (Vischetti
et al. 2007; Romyen et al. 2007). Synthetic formula-
tions are capable of effective biostimulation by releas-
ing metabolizable inorganics into the microbiota.
However, they could be costly to deploy or even toxic
to microorganisms. Most importantly, they could
limit the environmental footprint of biotechnology by
emitting greenhouse gases and promoting eutrophica-
tion or any other disruption into agroecosystems and
surroundings (Kadian et al. 2012).

Bacteria are the foundation of microbial bioreme-
diation. In contrast, research and biotechnological
development in fungi are at an embryonic stage (Fang
et al. 2008; Chen et al. 2012). However, by analyz-
ing the evidence from our integrative review, we can
tentatively identify fungal strains highly capable of
boosting the removal of pesticides from agricultural
soils as competently as bacteria. Studies on bioaug-
mentation and biostimulation focus on pyrethroids,
namely cypermethrin, cyhalothrin, and cyfluthrin
(Fig. 3).

Secondary yet scholarly relevant active ingredients
include atrazine (triazinone), carbofuran (carbamate),
carbendazim (benzimidazole), metalaxyl (phenyla-
mide), and acetamiprid (neonicotinoid). For instance,
introducing Trametes versicolor, Pigmentiphaga spp.
and Paenarthrobacter spp. in the system can enhance
the bioremediation of cypermethrin, cyhalothrin, and
cyfluthrin. Yet, the natural dissipation of pyrethroids
can phenomenally range from 90.00 to 94.50%.
Hence, fungal bioaugmentation of an isolate from
geolocation with a history of cypermethrin/cyhalo-
thrin/cyfluthrin can on average enhance it slightly by
3.45% (Kaur and Balomajumder 2020). The highly
pyrethroid-degrading strain is more responsive to
cypermethrin and cyfluthrin by promoting further
bioremediation of 6.60% and 4.75%, respectively.
However, if the target-molecule is cyhalothrin, fun-
gal bioaugmentation was not expressive, increasing it
only by up to 0.55% (Kaur and Balomajumder 2020).
An assumption for the molecule-specific ability of
the fungal strain to decompose more cyhalothrin than
cypermethrin and cyfluthrin is the more structurally
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Fig. 3 Bioaugmentation and biostimulation can prove use-
ful to enhance the removal of pesticides from agroecosystems.
For instance, Pigmentiphaga spp. or Paenanthrobacter spp. for
bacterial bioaugmentation can notably enhance the bioremedi-
ation of atrazine and acetamiprid. T. versicolor can decompose
carbofuran, carbendazim, and, metalaxyl, yet it is insufficient
to extensively improve bioremediation. Even with the addi-
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tion of an antibiotic to the soil to select for the lignocellulolytic
fungus, it does not perform effective bioaugmentation. Thus,
further in-depth research and biotechnological development
in fungal bioaugmentation are imperative to advance the field
(meta-analysis of 4 papers from the period of publication of
2018-2021)
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complex functional group of cyano or nitrile existing
in the molecule.

The application of T. versicolor can increase the
dissipation of metalaxyl, carbendazim, and carbo-
furan by 4.20, 1.25, and 1.05%, respectively. How-
ever, effective fungal bioaugmentation cannot be true
for atrazine, as it potentially decreases the potential
removal by 2.50% (Castro-Gutiérrez et al. 2019).
Thus, selective antibiotics could be an option to make
the introduction of T. versicolor into the process of
attenuating atrazine feasible. For instance, oxytetra-
cycline and gentamicin can eliminate the competing
autochthonous microorganisms, enabling the 7. ver-
sicolor to thrive in a stressed rhizospheric condition
and more effectively decompose the herbicidal active
ingredient by decreasing it by 1.70%, relative to the
baseline of 75.70% for the natural attenuation. If nat-
ural attenuation of any pesticide is sufficient, it rather
hinders bioaugmentation. Hence, T. versicolor cannot
act similar to an effective biological booster, even if
administering it with a selective antimicrobial solu-
tion to inhibit any antagonistic effect (Castro-Gutié-
rrez et al. 2019).

While the T. versicolor cannot expressively
improve the dissipation of atrazine, members of the
bacterial genus Pigmentiphaga (order Burkholde-
riales, family Alcaligenaceae) can considerably
enhance the remedial bioprocess by 236.60%, rela-
tive to the natural attenuation of 28.00% (Chen et al.
2021a). Thereby, we could hypothesize whether
Pigmentiphaga spp. is capable of more effectively
producing atrazine-degrading genes, such as atzA,
atzB, atzC, atzD, atzE and atzF (Souza et al. 1995).
Another relevant gene family refers to trz. The bac-
terial degradation of atrazine involves, firstly, the
transformation into hydroxyatrazine by afzA and
trzN; secondly, the reduction of primary metabolite
into cyanuric acid by afzB and atzC via the s-triazinic
cycle, while the trzD or atzD, atzE, and atzF promote
further breakdown to complete the metabolic process.
Another assumption would be the inherent ability of
the bacterial genus to benefit from available nutrients
in the system to perform cometabolism (Yang et al.
2021). Ammoniacal nitrogen and CO, are sources of
energy to existing microbiota and could support the
distinct potential of bioaugmentation/biodegradation
by Pigmentiphaga spp. The bacterial genus can out-
perform the ligninolytic fungus 7. versicolor in the

potential for atrazine-specific bioaugmentation (Chen
et al. 2021a).

Outside of our period of meta-analysis, Arthro-
bacter spp. (Zhao et al. 2017), Shewanella spp. (Ye
et al. 2000), Rhodococcus spp. (Fazlurrahman et al.
2009), Pseudomonas spp. (Monard et al. 2008), Agro-
bacterium spp. (Devers et al. 2007), Chelatobacter
spp., Aminobacter spp., and Stenotrophomonas spp.
(Rousseaux et al. 2001), and Nocardioides spp. (Topp
et al. 2000) are also capable of expressing the genes
atzABCDEF and trzDN to mineralize atrazine into
NH,* and CO, as the simplest metabolite possible
from the dechlorination-degradation pathway (Souza
et al. 1995). Overall, the research and biotechnologi-
cal development in bacterial bioaugmentation focus
on Arthrobacter spp., Pseudomonas spp., Rhodococ-
cus spp., and Stenotrophomonas spp. However, by
analyzing evidence from our integrative review, we
could hypothesize whether both Pigmentiphaga spp.
and Paenarthrobacter spp. are capable of replacing
the in-situ ozonolysis or electrochemical cell (Cruz-
Alcalde et al. 2017; Chen et al. 2018) in the process
of dissipating acetamiprid or any similar insecticide.
If our perspective is right, we will be able to elabo-
rate on eco-compatible solutions toward leveling up
the cost-effectiveness of environmental reclamation
(Chen et al. 2021b).

A review by Nwankwegu et al. (2022) elaborates
on the benefits and trade-offs of bioremediation and
brings valuable information on the complexity of
achieving a complete remedial outcome from come-
tabolism. Bioremediation requires multiple arrays
of microbial enzymes and metabolic mechanisms to
function properly. Thus, deploying an assemblage
of high-density cellular frameworks is instrumen-
tal to the approach to succeed over xenobiotics even
dealing with recalcitrant pollutants/contaminants.
For instance, Mycobacterium vaccae can oxidize
cyclohexane into cyclohexanone, however, without
gaining any energy or carbon from the metabolic
transformation. The outcome of microbial metabo-
lism could either be innocuous or deleterious to
the functioning of the primary metabolic producer,
however, it could act as a vital source of energy and
carbon for other microorganisms in the complex
ecosystem (Mrozik and Piotrowska-Seget 2010). If
microbial relationships are synergistic then bioreme-
diation promotes dissipation continuously, without
any critical delay or inhibition (Zafra et al. 2017).
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Fig. 4 Bacterial bioaugmentation can enhance the phytoex-
traction of a wide range of pesticides. For instance, D. lacus-
tris and K. aerogenes are synergistic with each other, making
up an exceptional endosymbiotic/ectosymbiotic consortium to

H. annus to remediate endosulfan. However, the

Furthermore, our meta-review can timely capture the
ability of bioaugmentation to make the rhizospheric
microbial population denser than possible with natu-
ral attenuation. It can significantly improve the ability
of crops to either stabilize or extract pesticides out of

the system (Fig. 4).

Successful examples of introducing highly pes-
into phytoremediation
systems are available in contemporary literature. A
bacterial pool can on average increase the phytoreme-
diation of pesticides by 78.10%. Bradyrhizobium spp.
and Canavalia ensiformis form an excellent group for
further removing 33.40% sulfentrazone (Mielke et al.
2020). Delftia lacustris and Klebsiella aerogenes and
Helianthus annuus make up other effective solutions
of integrative bioremediation to endosulfan by remov-
ing it at 77.65-86.85%. The phytoremediation can
remove only 5.00%, supporting the exceptional poten-
tial of both bacteria to boost the bioprocess (Rani
et al. 2019). The most effective strategy possible to

ticide-degrading microbes
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is likely unrealistic and requires further in-depth research for
cross-validation of the potential phytomicrobioremediation
(meta-analysis of 4 papers from the period of publication of

use metabolically active cells of D. lacustris and K.
aerogenes in the phytoremediation of endosulfan by
H. annus is by mixing them into an endosymbiotic/
ectosymbiotic consortium. Furthermore, numerous
functional bacterial consortia exist for the “phytomi-

crobioremediation” of metribuzin by Solanum tubero-

sum and imidacloprid, deltamethrin, cyhalothrin,
chlorpyrifos, chlorothalonil, carbendazim and cyper-
methrin by Medicago sativa (Li et al. 2020). They are
capable of doubling the effectiveness of the integra-
tive biological process.

Exploratory studies on "phytomicrobioremedia-
tion" often are not available in contemporary litera-
ture. However, we can identify consistent trials elu-
cidating the beneficial traits of bacterial degraders
to the phytoextraction of pesticides. Microbes can
benefit from the monocarboxylic/dicarboxylic/tricar-
boxylic acids and phenolic compounds from the plant
to grow and develop as healthy as possible. However,
not all exudates are chemoattractants. For instance,
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Fig. 5 Synergistic and antagonistic exudates to microorgan-
isms in the process of phytoextraction with bioaugmentation.
While the microbial population degrades a highly toxic pesti-
cide into a simpler and less harmful metabolic outcome for the
plant, the plant component provides it with a wealth of ben-
eficial substances for microbial growth and development. Phy-

malonic, tartaric, and citric acids can downregulate
cell transport, so an effective rhizostabilization is not
likely. In contrast, pyruvic, succinic, fumaric, citric,
hydroxybenzoic, salicylic, caffeic, and ferulic acids as
well as catechin hydrate are beneficial biocompounds.
They can upregulate the composition and function of
bacteria in the rhizosphere, potentially offering the
possibility of organic salts for biostimulation (Fig. 5).

Therefore, the scientific community must take
every effort to amplify our knowledge on how to
introduce plants capable of secreting synergistic car-
boxylic and phenolic groups into the system to pro-
mote pesticide-decomposing microorganisms, oOr
culture them for biosynthetization, extraction, and
formulation of phytogenic organic salts to biostimula-
tion. Organic salts could replace sulfite/sulfur in the
process of biostimulation. It will likely level-up the
cost-effectiveness of purposely modifying the envi-
ronment, where existing microorganisms are capable
of bioremediation.

Overall, bioaugmentation and biostimulation can
prove useful to enhance dissipation of insecticides,
herbicides, and fungicides out of agricultural soils.
However, by analyzing evidence from our integrative
review and other contemporary comprehensive stud-
ies on the benefits and trade-offs of bioremediation,
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togenic carboxylic and phenolic compounds could be potential
solutions to replace synthetic additives (e.g., fertilizers and sur-
factants) in biostimulation, potentially making it environmen-
tally safer and less disruptive to ecological health and agro-
nomic functions (meta-analysis of 4 papers from the period of
publication of 2018-2021)

we can recognize that their deployment is expen-
sive while another "burning issue" refers to ecologi-
cal disturbance. Introducing microorganisms into an
environment can optimize detoxification. However,
autochthonous, allochthonous, and genetically modi-
fied bioaugmentation as well as the outcome of the
remedial intervention could inadvertently deteriorate
the natural ecosystem by decreasing genetic diver-
sity via antagonistic relationships (e.g., competition,
predation, and succession) and ecotoxicity (Hassan
et al. 2016; Randika et al. 2022). Chemical formula-
tions for biostimulation often consist of N, P, K, and,
eventually, S. Such inorganic stimulants can promote
a complete cometabolic biodegradation or biotrans-
formation. However, they could be more harmful than
the primary pollutant or contaminant and, hence, do
not necessarily sustain the ecosystem in self-recov-
ering from disturbance for potential agronomic func-
tions. The poor soil condition will likely become
less tractable rather than reversible where an artifi-
cial additive (e.g., biosurfactant) (Fanaei et al. 2020)
added to expedite an actionable remedial approach is
capable of either severely unbalancing soil’s physico-
chemical properties (e.g., pH, cation exchange, con-
ductivity, etc.) or constraining microbial consortia
(Nwankwegu et al. 2022). Furthermore, nitrogenous

@ Springer



864

Rev Environ Sci Biotechnol (2022) 21:851-876

and phosphorous agents could easily escape from the
land via leaching and run-off directly into aquatic
ecosystems, promoting a dramatic exacerbation of
eutrophication and triggering an episodic "harmful
algal bloom". Thus, it could make the application of
biostimulation in environmental reclamation for agro-
ecosystems rather unsuitable and unsustainable.
Therefore, the scientific community and govern-
ance must be aware of the commitment, coopera-
tion, and coordination that is needed if they are to
effectively oversee and regulate the development and
implementation of bioaugmentation and biostimula-
tion with efficiency, safety, prudence, and transpar-
ency for every stakeholder in the agriculture and envi-
ronmental sector. However, by analyzing the evidence
from our systematic analysis, we cannot access suffi-
cient information on pesticide (e.g., analytical purity,
log Kow and secondary metabolite), soil (e.g., pH,
OM, and temperature), microbiota (e.g., structuration,
diversification, and function), and microbial metabo-
lism (e.g., pathway, enzyme, and pesticide-degrading
gene), nor descriptions of methods and analyzes. And
because a piece of instrumental data is missing from
the recent academic collection on microbial biore-
mediation, authors need to improve methodological
rigor to progress in research and biotechnological
development in natural attenuation, bioaugmenta-
tion, and biostimulation over the coming few years.
If not, our community-spanning knowledge will be
limited to elaborate protocols and standards and pro-
vide an intricate reference for properly exploring the
metabolism of microorganisms, whether for dissipat-
ing pesticides out of agroecosystems, while conserv-
ing/preserving the natural and aesthetic beauty, and
functionality of the environment. Particularly for
genetically modified bioremediation, further in-depth
research must focus on developing and disseminating
ethical open-source recombinant DNA technology to
improve the delivery of microbial engineering and
public acceptance, while leveling-up the ecological
and financial cost-effectiveness. Molecular bioengi-
neering and an extensive range of pesticide-degrading
microbes will likely reshape our critical thinking and
enable safer sustainable management of agroecosys-
tems to address an increasing pressure to promote and
perpetuate an environmentally healthier planet.
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3.4 Microbial community
3.4.1 Molecular analytical methods

Approximately 40.75% of 25 scientific studies report-
ing on the impact of pesticides on microbial com-
munity focus on herbicides, ranking them first out
of 4 chemical groups. Insecticides (33.35%) and
fungicides (22.20%) rank next, while molluscicides
(3.70%) are the less frequent (Figure S4, Supple-
mentary material). The active ingredients, namely
atrazine (29.60%) and metolachlor (29.60%), have
the greatest intellectual interest of the scientific com-
munity. Together they represent well over half of the
total field-level citation. The microbiome is a key to
biodegradation and biotransformation of any pol-
lutant/contaminant in the environment. As it is a
driver of bioremediation, authors are extremely likely
(72.00%) to benefit from high-throughput sequenc-
ing of 16S rRNA to describe microbial communities
and understand how pesticides could impact them.
Secondary yet bibliometrically expressive approaches
include shot-gun metagenomics (12.00%) and PLFA
(12.00%). In contrast, DGGE is less frequent by rep-
resenting only 4.00% of the total field-level citation.

3.4.2 The impact of pesticides on beta-diversity

Pesticides can impact the microbial community, both
negatively and positively, or not affect them. For
instance, no significant effect exists for either metal-
dehyde (Castro-Gutiérrez et al. 2019) or prosulfocarb
(Barba et al. 2019) on native microbiota based on
rRNA-sequencing and PLFA to profile the beta-diver-
sity. Even when lignocellulose is available as metab-
olizable energy in the ecosystem, the behavior and
ecotoxicity of metaldehyde and microbial cometabo-
lism are unchanged (Castro-Gutiérrez et al. 2019).
Furthermore, no scientific evidence exists for the
impact of carbofuran, carbendazim, and metalaxyl on
native microbiota based on DGGE, and T-RFLP data
from the study by Castro-Gutiérrez et al. (2019). In
contrast, atrazine (Aguiar et al. 2020; Bhardwaj et al.
2020; Zhai et al. 2020), deltamethrin (Braganga et al.
2019), iprodione (Katsoula et al. 2020), metolachlor
(Sun et al. 2020), oxamyl (Gallego et al. 2019), and
sulfometuron-methyl (Obreg(’)n—Alvarez et al. 2021)
are likely to significantly influence the diversity and



Rev Environ Sci Biotechnol (2022) 21:851-876

865

functioning of microbial communities (Figure S5,
Supplementary material).

A substantial fraction of studies does not provide
trustworthy information on the impact of pesticides
on microorganisms. However, we can tentatively
identify in a few trials, a functional relationship (e.g.,
depletion) between the degree of degradation and
shifts in community structure of communities co-
existing with diuron (Liu et al. 2019), metalaxyl (You
et al. 2021), metolachlor (Li et al. 2019), metribuzin
(Wahla et al. 2020), organochlorines (Ali et al. 2019),
or sulfamethoxazole (Liang et al. 2021). Proteobacte-
ria is likely the most responsive phylum to an exten-
sive range of active ingredients, namely atrazine,
carbendazim, chlorothalonil, diuron, imazethapyr,
imidacloprid, iprodione, metalaxyl, metaldehyde,
metolachlor, organochlorines, oxamyl, sulfameth-
oxazole, and sulfometuron-methyl. Actinobacteria
rank next and are associated with biodegradation or
application of atrazine, azoxystrobin, diuron, iprodi-
one, metaldehyde, metolachlor, organochlorines, and
oxamyl. Other relevant phyla are Acidobacteria and
Firmicutes. Both are responsive to atrazine, diuron,
metaldehyde, metolachlor, organochlorines, oxamyl,

Metalaxyl
Azoxystrobin

sulfamethoxazole, and sulfometuron-methyl, similar
to Proteobacteria.

Proteobacteria consist of a wide range of micro-
organisms. They are metabolically complex and,
hence, highly capable of biodegrading/biotransform-
ing an environmental pollutant/contaminant (Xiong
et al. 2021). At a finer taxonomic level, Burkholde-
riales (Betaproteobacteria), and Hyphomicrobiaceae
(Alphaproteobacteria) are likely to degrade atrazine,
diuron, imazethapyr, iprodione, metolachlor, sulfome-
turon-methyl more effectively than Nitrosomonadales
(Betaproteobacteria), Pseudomonadales (Gammapro-
teobacteria), and Xanthomonadales (Gammaproteo-
bacteria). Complementarily, notable genera include
Arthrobacter spp. for atrazine, azoxystrobin, diuron,
and Pseudomonas spp. for carbendazim, imidaclo-
prid, sulfamethoxazole, sulfometuron-methyl. In con-
trast, the impact of pesticides on fungal communities
often is not available from the recent bibliographic
collection on microbial bioremediation. However,
we can capture how the fungicides, namely carben-
dazim (systemic) and chlorothalonil (nonsystemic),
could negatively influence the orders of Ascomy-
cota, namely FEurotiales and Hypocreales. Other
active ingredients capable of modulating Ascomycota
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Fig. 6 Microbial sensitivity to pesticides. Bacteria and fungi
prove useful to dissipate herbicides, fungicides, insecticides,
nematicides, and molluscicides out of agricultural soils. How-
ever, if the target molecule is more toxic than biodegradable, it
can disturb the microbiota, and thus both diversity (alpha and
beta) and potential bioremediation decrease. The microbial
response is pesticide-dependent. For instance, Proteobacteria
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respond negatively to metalaxyl, oxamyl, metolachlor, and sul-
famethoxazole, so the key in the diagram is blue. In contrast,
the phylum can resist environmental pressure by atrazine and
chlorpyrifos, so the key in the diagram is red. Meanwhile, no
significant effect exists for the azoxystrobin, diuron, and del-
tamethrin, so the key in the diagram is white (meta-analysis on
25 papers from the period of publication of 2018-2021)
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include iprodione and metolachlor, while chloro-
thalonil can impact the Basidiomycota. Additionally,
Chytridiomycota, Mucoromycota, and Zygomycota
can perform functional biodegradation of meto-
lachlor, allowing their growth in an ecotoxicological
microcosm.

Microbial response to pesticides is dynamic
(Fig. 6). While a portion of Proteobacteria, Firmi-
cutes, Bacteroidetes, and Actinobacteria can resist
a wide range of active ingredients, another portion
is not capable of surviving any stress caused by the
original pollutant/contaminant or the metabolic out-
come of biodegradation/biotransformation. For
instance,  Sphingomonadales (Alphaproteobacte-
ria) could not resist azoxystrobin (Han et al. 2020),
metolachlor (Sun et al. 2020), and metribuzin (Wahla
et al. 2020). Likewise, Bacillales (Firmicutes) can
prove sensitive to atrazine (Bhardwaj et al. 2020),
azoxystrobin (Han et al. 2020), and diuron (Liu et al.
2019). Azoxystrobin, metolachlor, and diuron can
also be harmful to Xanthomonadales (Liu et al. 2019;
Han et al. 2020; Wahla et al. 2020), Burkholderiales
(Betaproteobacteria) (Liu et al. 2019; Xu et al. 2019),
Pseudomonadales (Gammaproteobacteria) (Liu et al.
2019; Bhardwaj et al. 2020), and Hyphomicrobiales
(Alphaproteobacteria) (Liu et al. 2019; Xu et al. 2019;
Bhardwaj et al. 2020). Particularly the genus Alter-
erythrobacter spp. can respond negatively to azox-
ystrobin (Han et al. 2020) and positively to iprodione
(Katsoula et al. 2020). Bacillus spp. is also capable
of surviving atrazine (Xu et al. 2019; Bhardwaj et al.
2020) and metolachlor (Sun et al. 2020). However, it
is highly sensitive to azoxystrobin (Han et al. 2020)
and diuron (Liu et al. 2019), supporting the ability of
bacteria to adapt the stress, and pesticide-dependent
metabolism. Furthermore, studies by Aguiar et al.
(2020), Liu et al. (2019), Xu et al. (2019), Bhard-
waj et al. (2020), Zhai et al. (2020), and Chen et al.
(2021a) provide substantial references of the distinct
ability of Bradyrhizobium spp., Halomonas spp.,
Lysobacter spp., and Pseudomonas spp. to positively
respond to atrazine, carbendazim, imidacloprid, sul-
famethoxazole, and sulfometuron-methyl during
natural attenuation and bioaugmentation. Introduc-
ing citrate into the ecosystem can stimulate the come-
tabolism of atrazine by Pseudomonas spp., with the
opposite true for mustard seed meal and molasses.
Both can inhibit the bacterial genus in enhancing
the dissipation of atrazine by decreasing abundance
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(Bhardwaj et al. 2020). Therefore, biostimulation
does not necessarily benefit bioremediation. An addi-
tive could be more toxic than the target-pesticide to
the microbial community and, therefore, capable of
reducing ecological sustenance (Randika et al. 2022;
Nwankwegu et al. 2022).

3.4.3 The impact of pesticides on alpha-diversity

The impact of pesticides on beta-diversity is signifi-
cant. However, they do not change or rarely change
the alpha-diversity or rather the structure of an eco-
logical community relative to the number of taxo-
nomic groups in a site at a local scale. For instance,
metribuzin (Wahla et al. 2020), oxamyl (Gallego et al.
2019), and iprodione (Katsoula et al. 2020) are not
likely to influence the Shannon—Wiener and Simp-
son’s metrics. They do not impact the active (RNA)
and total (DNA) bacterial communities, nor condition
the determination of p-nitrophenol via T-RFLP. In
contrast, metolachlor can increase the alpha-diversity
in a circuit, where external influence on the microbial
community, such as competition of exoeletrogenic
bacteria for organic carbon, does not exist. Therefore,
the herbicide could be a source of vital energy for
microbial metabolism (Li et al. 2020). The opposite
is true for both sulfometuron-methyl (Obreg()n-Alva—
rez et al. 2021) and atrazine (Liu et al. 2019). It can
selectively decrease the alpha-diversity of bacterial
consortia incapable of resisting xenobiotics. Further-
more, Zhao et al. (2020) provide a reference of the
synergistic iprodione towards fungal communities in
the phyllosphere of a pepper plant. The herbicide can
increase the Simpson’s diversity and, most notably,
the archaeal Pielou’s evenness. However, information
on the impact of pesticides on fungal alpha-diversity
is neither consistent nor convincing to deploy a reme-
dial strategy in the real world. Particularly for myc-
orrhizae and saprotrophic taxa, we could not identify
a single reference. Thus, further in-depth research
must focus on developing such functional groups to
strengthen fungal bioremediation.

3.4.4 Synergism and antagonism
between pesticide-degrading microorganisms

A pesticide can impact a wide range of microor-
ganisms. Likewise, numerous microorganisms can
simultaneously degrade a pesticide. Thereby delving
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Fig. 7 The canonical structure of synergistic and antagonis-
tic between pesticide-degrading microorganisms. Microbiota
consists of a wide range of bacteria, fungi, and other micro-
scopic living organisms. The microcosm is dynamic. An agent
could be synergistic or antagonistic towards another agent and
a pollutant/contaminant or even an active stimulant co-existing
in the ecosystem could impact the microbial relationship both
positively and negatively. For instance, Actinobacteria are
synergistic towards Ascomycota in the co-biodegradation of
imazethapyr and chlorpyrifos, making them a potential merger

deeper into the studies by Nantes et al. (2022), Cas-
tro-Gutiérrez et al. (2019), Katsoula et al. (2020), Li
et al. (2020), and Wahla et al. (2020), we can decide
whether microbe-microbe, pesticide-pesticide, and
microbe-pesticide relationships are synergistic or
antagonistic. Most notably, we can predict them on
a canonical diagram (Fig. 7) and explore the out-
come of multivariate analysis to bring consortia into
implementation for bioremediation in an environment
where more than one active ingredient does co-exist.
For instance, Actinobacteria, Bacteroidetes, and
Ascomycota could be potentially added together for
dissipating imazethapyr, chlorpyrifos, carbendazim,
and iprodione cost-effectively. A microbial biosys-
tem consisting of Firmicutes and Basidiomycota
would make-up another eco-compatible solution to
remediate metribuzin, imidacloprid, and chlorotha-
lonil. A massive portion of members of pesticide-
degrading consortia is of similar bacterial lineages.
For instance, Mycobacterium spp. (Micrococca-
les) can dominate over other taxa composing an
acetamiprid-degrading consortium (Li et al. 2019).
It reduces the pesticide into a simpler and less
harmful metabolite, proving synergistic towards

for elaborating a remedial consortium. In contrast, they are
antagonists towards Basidiomycota and Zygomycota in the
co-biodegradation of metribuzin, imidacloprid, and chlorotha-
lonil. Therefore, the outcome of fungal metabolism of either
chlorothalonil or imidacloprid could be a toxic rather than
a vital source of energy to Actinobacteria. In some cases, no
relationship exists between microorganisms, so they are inde-
pendent such as Firmicutes and Zygomycota, making them not
an option for the consortium (meta-analysis of 25 papers from
the period of publication of 2018-2021)

increasing the relative abundance of Arthrobacter
spp. (Xu et al. 2019; Han et al. 2020; Zhai et al.
2020), Pseudoarthorbacter spp. (Liu et al. 2019;
Chen et al. 2021a, b), Clavibacter spp. (Aguiar
et al. 2020), Agromyces spp. (Chen et al. 2021a, b)
and Pseudogymnoascus spp. (Li et al. 2019). The
following most abundant taxa in the acetamiprid-
degrading consortium are Afipia spp. (Hyphomi-
crobiales) (Liu et al. 2019; Aguiar et al. 2020) and
Acinetobacter spp. (Pseudomonadales) (Liu et al.
2019; You et al. 2021; Liang et al. 2020; Obregdn
Alvarez et al. 2021; Zhai et al. 2020). Arthrobacter
spp. can dominate over Methylophilus spp. (Nitros-
omonadales) and Hyphomicrobium spp. in atrazine-
degrading consortia (Liu et al. 2019; Cao et al.
2021). A hierarchy also exists for other consortia,
where Pseudomonas spp., Bacillus spp., and Halo-
bacillus spp. are likely prevalent relative to other
taxa capable of dissipating imidacloprid, carbenda-
zim, lambda-cyhalothrin, beta-cypermethrin, chlor-
pyrifos, chlorothalonil (Xu et al. 2019; Wahla et al.
2020; Esikova et al. 2021).

@ Springer



868

Rev Environ Sci Biotechnol (2022) 21:851-876

Fig. 8 Microbial biosys-
tems capable of bioreme-
diation of pesticides are
complex and, fundamen-
tally, unfold into modali-
ties, namely monoculture,
consortium, and co-culture
(meta-analysis on 21 papers
from the period of publica-
tion of 2018-2021)

Monoculture ~ 55.00%
Consortium ~ 40.00%

S

= &

3.5 Metabolism of pesticide-degrading
microorganisms: pathways, enzymes, and genes

Studies on microbial metabolism of pesticides
focus more on herbicides (52.40%) and insecticides
(38.10%). In contrast, fungicides (4.75%) and nemati-
cides (4.75%) have less interest by the scientific com-
munity (Figure S6, Supplementary material). While
atrazine (25.00%) and diuron (16.50%) are the most
scholarly relevant herbicides, nitenpyram (25.00%) is
the fungicide having the greatest intellectual interest
in the scientific community.

Approximately 30 microbial agents are capable
of degrading pesticides, irrespective of the chemi-
cal group. Thus, researchers are extremely likely to
bring them into functional monocultures (55.00%)
and consortia (40.00%). In contrast, co-cultures (e.g.,
A. junii LH11 and K. pneumoniae BPBA0S52) are less
frequent, representing only 5.00% of the total sub-
set (Fig. 8). A. johnsonii, E. asburiae, Pseudomonas
spp., S. maltophilia, and O. anthropi make-up the
quantitatively most complex pesticide-degrading con-
sortium. The consortium of Rhodoferax sp., Achro-
mobacter sp., and Burkholderia sp., ranks next. In
contrast, P. kilonensis (strains MB490 and MB498)
and Pseudomonas sp., Bacillus sp. (strains PDK1 and
PDK2), and Rhodococcus sp. are the quantitatively
fewer complex consortia. Co-occurrence of Cupriavi-
dus spp. and members of Proteobacteria, Chlorofiexi,
Actinobacteria, and Acidobacteria can support the
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complexity and how bacteria can interact to degrade
a pesticide and thrive through a stressful ecosystem.
Microorganisms can trigger a wide range of
enzymes as catalyzers of biodegradation/biotrans-
formation of pesticides, and the most frequent in
the literature are monooxygenases. They represent
18.50% of the total subset. Flavin-reductases, hydro-
lases, amidohydrolases, and dioxygenases rank next.
They equally contribute (14.80%) to the scholarly
set of enzymatic precursors of pesticide-degrading
metabolic pathways. In contrast, ferredoxins, lac-
cases, dehalogenases, and dehydrogenases are the
less frequent functional proteins. Together they repre-
sent only 14.80% of the total subset (Figure S7, Sup-
plementary material). A study by Zhao et al. (2020)
provides a reference of the enzymatic powerfulness
of Cunninghamella elegans (strain ATCC36112)
towards biodegradation of diazinon (O, O-diethyl
O-[4-methyl-6-(propan-2-yl) pyrimidin-2-yl] phos-
phorothioate). The fungus can degrade the organo-
phosphate pesticide at appreciable effectiveness
of approximately 90.00%, and probable secondary
metabolites include diethyl (2-isopropyl-6-methylpy-
rimidin-4-yl) phosphate (diazoxon) and 2-isopropyl-
6-methyl-4-pyrimidinol (pyrimidinol). Pyrimidinol is
likely less toxic than the precursor, with the opposite
true for diazoxon (Shemer and Linden 2006; Mala-
kootian et al. 2020). Therefore, the incomplete metab-
olism of diazinon is hazardous and could negatively
impact the ecological sustenance and make it harder
for the agroecosystem to recover from any functional
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disorder than possible with the original pesticide. By
analyzing the metabolic profile of C. elegans (strain
ATCC36112), we can hypothesize whether microso-
mal enzymes are capable of modulating the biodegra-
dation of diazinon. The pathway may involve, firstly,
the oxidation of the pesticide via desulfurization; sec-
ondly, the hydrolysis of the intermediate compound
via hydroxylation (Zhu et al. 2017a). Monooxyge-
nases or heme-containing enzymes of the cytochrome
P450 complex could regulate the catabolism (Liu
et al. 2006; Zhu et al. 2017b). Sphingopyxis sp. (strain
HMH) can trigger flavin-nitroreductases to catalyze
the oxidative hydroxylation of butralin (N-sec-butyl-
4-tert-butyl-2,6-dinitroaniline). The nitroreduction of
the pesticide generates N-(sec-butyl)-4-(tert-butyl)-
6-nitrobenzene-1,2-diamine and a further formation
of 5-(tert-butyl) -3-nitrobenzene-1,2-diamine and
butanone are completely possible via N-dealkylation
of the amine group to N-(sec-butyl) (Ghatge et al.
2021).

A pure bacterial culture of Cupriavidus nanton-
gensis (strain X1T) can degrade chlorpyrifos (O,
O-diethyl O-3,5,6-trichloropyridin-2-yl ~ phospho-
rothioate) more effectively than a native microbial
community (Fang et al. 2019). It can halve the con-
centration (100 mg L") of the insecticide every 6 h,
generating  3,5,6-trichloro-2-pyridinol (TCP) and
3,6-dihydroxypyridine-2,5-dione (DHP) as the major
metabolic outcomes (Fig. 9). Both are highly toxic
and water-soluble. Hence, they could escape from
the agroecosystem directly into the environment,

Fig. 9 Prevalent metabolic
pathways of pesticide-
degrading microorganisms
in the academic literature

on microbial bioremedia- Gl
tion (meta-analysis of 21 |
papers from the period of
publication of 2018-2021)
Cl-
I
cr

potentially polluting more severely than we might
expect on the leaching of the parent molecule. How-
ever, the strain X1T can express the genes, namely
tcpA and fre, making it capable of completely
degrading the TPC at 20 mg L™!, with a half-life of
8 h. Monooxygenases and flavin-reductases are likely
the precursors of the bioprocess. The biodegrada-
tion of chlorpyrifos by C. nantongensis (strain X1T)
involves, firstly, the formation of ethanol and diethyl-
chlorpyrifos; secondly; the hydrolyzation of either
ethanol or diethyl-chlorpyrifos into TCP or diethyl
thiophosphate (DETP) by a catabolic organophospho-
rus hydrolase; thirdly, the desulfurization of TCP and
further dealkylation/dechlorination until the oxida-
tion levels off and yields CO, and H,O as the simplest
metabolites. Another highly chlorpyrifos-degrading
microorganism is Paracoccus sp. (Fang et al. 2019).
Although bacteria predominate the literature
reporting on the catabolism of pesticides, we
can review in the study by Wang et al. (2019) the
potential biodegradation of nitenpyram ((E)-N-(6-
chloro-3-pyridylmethyl)-N-ethyl-N’-methyl-2-nitro
vinylidene diamine) by Phanerochaete sordida
(strain YK-624). The fungus can produce power-
ful ligninolytic enzymes, making it highly capa-
ble of converting the neonicotinoid molecule into
(E)-N-((6-chloropyridin-3-yl) methyl)-N-ethyl-N'-
hydroxy-acetamide (CPMHA). Heme-containing
enzymes of the P450 complex modulate the reduc-
tion of the nitro group and the further deamination.
No scientific evidence exists for genetic mutations
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in the metabolism. However, exposure to the pesti-
cide can increase the production of monooxygenases
in association with the genes, namely CYP12a5 and
CYP6ERI, in Drosophila melanogaster and Nilapa-
rvata lugens (Zhang et al. 2017; Harrop et al. 2018),
respectively. A higher enzymatic activity may be an
indicator of pesticide-resistant metabolism. Another
nitenpyram-degrading agent is Rhodococcus ruber
(strain CGMCC17550). Of the 5198 genes it can
express during biodegradation of the pesticide, 18
do associate with the cytochrome P450 complex.
We can recognize heme-containing enzymes of the
cytochrome P450 complex from microorganisms
capable of degradation/biotransformation of highly
toxic and recalcitrant compounds (Dai et al. 2021).
Glucose, fructose, and pyruvate can improve the
biodegradation of nitenpyram by providing an addi-
tional level of energy to cometabolism by another
strain of R. ruber, namely DSM44319 (Dai et al.
2021). Streptomyces canus (strain CGMCC13662)
also degrades neonicotinoids (Guo et al. 2019),
whereas Escherichia fergusonii (strain ATCC
35,469) proves useful as an aerobic degrader of
diuron [1-(3,4-dichlorophenyl)-3,3 dimethyl urea]
via N-demethylation and hydrolysis (Silva Moretto
et al. 2019; Tandon et al. 2019). Dioxygenases,
by replacing the chlorine atom with hydroxyl in
the aromatic ring, catalyze the reduction of the
herbicide to a wide range of metabolites such as
3-(3,4-dichlorophenyl)-3-methylurea (DCPMU),
3,4-dichlorophenyl urea (DCPU), 3,4-dichloro-
aniline (DCA) and 4-chloroaniline (4-CA) (Silva
Moretto et al. 2019; Tandon et al. 2019). A further
metabolization of DCA can be catechol, a highly
toxic compound to living things in nature (Egea
et al. 2018).

Overall, numerous microorganisms capable of
degrading pesticides are available from the recent
academic literature on bioremediation. However,
by analyzing the evidence from our meta-analysis,
we can identify fewer trials focusing on mixtures
of pesticide and microbial consortia. Consortia can
remove a pollutant more effectively than monocul-
ture, as they consist of multiple arrays of detoxify-
ing mechanisms (Kumar and Philip 2006). However,
eventually, they can produce antagonistic relation-
ships (e.g., competition and succession), so they
cannot perform an effective biodegradation/bio-
transformation as we might expect on a synergistic

@ Springer

cometabolism. By isolating a group of microorgan-
isms from an extreme environment containing the
compound we want to treat and then enriching it
with another group of synergistic microorganisms,
we can optimize bioremediation.

Even if the target-molecule is highly toxic and
recalcitrant, a composite microbial system becomes
capable of effective biodegradation (Krishna and
Philip 2008). For instance, studies focusing on
the bioremediation of neonicotinoids can demon-
strate the effectiveness of bacteria to catalyze the
bioprocess through an extensive range of enzymes
(Hussain et al. 2015; Huang et al. 2019). A nutri-
tional supplement in the system can enable the
microcosm to perform cometabolic biodegrada-
tion, as the pesticide becomes not the single source
of energy, such as carbon or nitrogen. The outcome
of cometabolism depends upon the chemical struc-
ture of the pesticide, catabolic activity, and work-
up condition (e.g., medium, pH, temperature, etc.).
However, it often can become more toxic and per-
sistent than the original molecule, and thus analyz-
ing the secondary metabolite becomes imperative
for environmental reclamation in agriculture or any
other relevant context with prudence and safety
(Hussain et al. 2015).

4 Conclusion

Our integrative review provides insights into micro-
bial bioremediation of pesticides from agricultural
soils with higher accuracy and reliability than is
achievable through a systematic review, which sounds
descriptive rather than analytical. Approximately 83%
of the studies rely on bacteria to elaborate monocul-
tures (55%), consortia (40%), and co-cultures (5%)
for biocatalytic remediation. In contrast, research in
fungi is at an early stage of biotechnological devel-
opment; however, it can provide information about
genetically engineered strains capable of degrading
pyrethroids. Natural attenuation is time-consum-
ing and not convincing to scale up. By introducing
allochthonous or genetically modified microorgan-
isms into native communities for bioaugmentation,
we can improve the removal of active compounds
from croplands and grasslands. Another eco-compat-
ible solution to boost pesticide-remediating biosys-
tems refers to biostimulation. However, the scientific
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community and policymakers need to improve the
overseeing and regulation of the addition of micro-
organisms and compounds to the target site to avoid
hazardous impacts on ecological sustenance and
agronomic functions. Researchers focus on micro-
bial communities. However, they do not emphasize
analyzing the bioremediation for secondary metabo-
lites, pathways, enzymes, and genes, driving the need
to conduct further in-depth omics studies and trials.
Additionally, bringing a disruptive recombinant DNA
technology into biocatalytic frameworks could offer
opportunities to implement environmentally cleaner
and safer bioremediation while ensuring -ethical
standards for stakeholders. Therefore, scientists must
tap the research and biotechnological development
in pesticide-degrading microorganisms into rigorous
scientific methods to provide intricate knowledge for
advancing the field’s prominence in developing high-
throughput remediating approaches.
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Abstract Dyes are the main contaminant from the
textile industry wastes. Dyes can severely harm the
environment, disturbing all the water cycle and organ-
isms living in these environments. The juice industry
generates waste of the peel from a great number of
fruits. The peel of Passiflora edulis is rich in pectin,
a polymer with great adsorption potential for textile
dye sorption. However, the lack of applicability and
adsorption interaction knowledge of the use of pec-
tin as textile dye adsorbent makes it impossible to
apply them, being necessary more studies with dif-
ferent dyes for its application and understanding of
the chemical interactions of adsorbent/adsorbate.
Thus, the aim of the present study was to evaluate
the adsorptive potential of pectin present in the peel
residue of P. edulis. Adsorption experiments were
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carried out to analyze the kinetics, isotherm, and ther-
modynamics, seeking the optimization of the adsorp-
tion treatment. Scanning electron microscopy and
Fourier transform infrared spectrophotometry were
used to characterize and analyze the main adsorp-
tion sites of the pectin from P. edulis peels. Bioassays
using the Lactuca sativa seeds confirmed the reduc-
tion of the toxicity of the solution after the adsorption
treatment. The results also confirmed a chemisorption
occurrence, confirming the strong interaction between
the pectin and the textile dye. Therefore, the material
tested in the present study can potentially be applied
for textile waste treatment, removing dyes from efflu-
ents, in addition to giving a noble destination for a
residue from the juice industry.
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1 Introduction

The textile industry is an important sector for many
countries such as China, India, the USA, Pakistan,
and Brazil, being responsible for hundreds of thou-
sands of job positions, and being of great value to
the economy of these countries. However, the latest
issues showed that around 280,000 tons of synthetic
dyes is discharged into the aquatic environment by
the textile industry effluents (Mendes et al., 2019).
Wastewater released from the textile industry is char-
acterized by the high organic load of dyes from the
previous washing steps. Synthetic dye molecules are
composed of aromatic groups such as naphthalene,
xylene, and benzidines described as carcinogenic
and mutagenic molecules (Dilarri et al., 2018), and
in addition are highly soluble in water bodies and can
remain in the environment for 50 years, which leads
to global concern (Chatterjee et al., 2020).

There are wide types of synthetic dyes characterized
by acidic, alkaline, dispersive, reactive, and azoic mol-
ecules. The Acid Blue 25 dye (AB-25) is the most used
in the textile industry for stained jeans. It is an acid dye
formed by anthraquinone and a sulfonic group that is
easily soluble (Elkady et al., 2019). Due to its complex
and toxic chemical molecule, the biodegradation of
AB-25 is difficult, in addition to being able to generate
secondary compounds more toxic than the initial dye
molecule as primary amines (Almeida & Corso, 2014).
The adsorptive treatment removes the dye molecules
from a liquid phase through a chemical or physical
bond with an adsorbent material, removing the entire
molecule and leaving no secondary residues (Mendes
et al., 2019). This treatment requires minimal energy
and can be of low cost depending on the adsorbent
material applied (Gouthaman et al., 2018). Because of
this advantage, adsorptive treatments are the most used
in the industry, most of the time using activated carbon
to remove these residues of textile dyes from the efflu-
ent (Thinakaran et al., 2009; Foo & Hameed, 2010).
However, activated carbon is an expensive material, and
other residues from different industry sectors could be
applied as adsorbents, further reducing treatment costs
and giving a noble purpose to other wastes. Currently,
there is a conscious direction in research to find new
adsorbent materials that are biodegradable and envi-
ronmentally friendly, such as lignocellulosic, chitosan,
alginate, and pectin used for textile treatments (Mirza

@ Springer

& Ahmad, 2020; Nayak & Pal, 2020; Nouri et al., 2020;
Pauletto et al., 2020).

In the year 2019, the fruit pulp industrial sector
consumed 703,489 tons of Passiflora edulis (passion
fruit), according to Hatami et al. (2020). The peels
of the fruit make up around 50% of the total mass of
the fruit, which generates a large amount of residual
biomass produced by the sector (Coelho et al., 2018).
The peels of passion fruit do not have an appropri-
ate destination, ending up being considered unused
waste, and consequently discarded without any kind
of recycling or application (Coelho et al., 2018;
Hatami et al., 2020). Therefore, passion fruit peels
did not have any kind of economic value or industrial
importance. This also makes it a problematic waste
due to the annual tons of mass generated by the food
industry, hence underscores the importance of works
that seek to offer solutions by providing sustainable
methods to reduce or recycle waste in the food sec-
tor, giving them a better destination (Muntean et al.,
2022). Passion fruit peels are composed of acid pol-
ysaccharide (1-4)-p-galacturonic characteristic of
pectin (Moura et al., 2020). Pectin is a polygalactu-
ronic with an esterified chain and methoxyl groups
present in the composition of the fruit cell wall (Liu
et al., 2019). Thus, peel residues from passion fruit
can be used as a source of pectin for the adsorptive
treatment of many residues such as lead (II) and
other metallic ions (Gerola et al., 2013; Ramos et al.,
2022). The pectin biopolymer has the ability to bind
to inorganic and organic substances through molecu-
lar interactions (Wang et al., 2019). This occurs due
to the presence of the hydroxyl (-OH) and carboxyl
(-COOH) groups that give the pectin an affinity for
ions in the dye molecules (Mirza & Ahmad, 2020).
The adsorptive attraction can occur through chelation
mechanisms by cations in neutral solutions or elec-
trostatic attraction in acidic solutions (Ranganathan
et al., 2019). The properties of pectin from the peel
of passion fruit are promissory due to the polysac-
charide structure that allows biocompatibility, bio-
degradability, and non-toxicity, and provides recy-
cling of residual biomass. The adsorption method
with pectin biopolymer has advantages due to the
reuse of the adsorbent material, short treatment peri-
ods, zero production of toxic secondary compounds,
and high selectivity. Also, the complete removal of
the dye molecule by adsorption decreases the num-
ber of treatment steps and does not leave secondary
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residues in the water as in the biodegradation process.
This leads to less consumption of chemical reagents
in the equalization tanks and facilitates the recycling
of water in industry or the release of effluents. In this
way, the application of passion fruit peels as an adsor-
bent for textile waste treatment can add economic
value to this residue, and reduce its discard by the
food sector, giving an environmentally friendly des-
tination for this biomass (Chen et al., 2021; Lin et al.,
2021; Muntean et al., 2022; Ramos et al., 2022).

The pectin of passion fruit has already been proven
to be an efficient and low-cost adsorbent for cati-
onic dyes from textile industries (Chen et al., 2021;
Lin et al., 2021). Even with these positive results in
the adsorption of textile dyes, they focused mainly
on cationic dyes, being necessary to investigate their
efficiency in the adsorption of other textile dyes as
acidic, dispersive, reactive, bleaching, and azoic dyes.
Also, more studies using pectin of passion fruit as an
adsorbent for different dye molecules are necessary,
seeking to elucidate its physical-chemical interaction
and adsorption mechanisms, to improve the adsorp-
tion treatment process, and consequently the effi-
ciency of textile waste treatments.

Therefore, the aims of this study were to evaluate
the adsorption capacity and the interactions between
the AB-25 dye and the pectin extracted from pas-
sion fruit peels to expand the use of this biomaterial
in textile waste treatments. The kinetic, isotherm, and
thermodynamics were evaluated. Fourier transform
infrared (FT-IR) spectrophotometric analyses were
performed before and after adsorption to identify the
sorption and interactions between adsorbent/adsorbate.
Bioassays were also performed with the Lactuca sativa
seeds to determine the toxicity of the dye solution
before and after the adsorption, proving the efficacy of
the treatment in the removal of the color and toxicity
from the solution. Scanning electron microscopy was
carried out to characterize the adsorbent.

2 Materials and Methods
2.1 Textile Dye Molecule
AB-25 dye was purchased from Sigma-Aldrich

(Taufkirchen, = Germany), Chemical  Abstract
Service (CAS) 6408-78-2, empirical formula

C,oH,3N,NaO;S, with 45% of purity and molecular
weight of 416.38 g mol~! (Fig. 1).

2.2 Passion Fruit Peels

Passion fruit peels, in which pectin is present, were used
to produce a passion fruit flake (PFF), the adsorbent
material. The peels were collected from the waste of the
passion fruit juice industry. Next, the peels were washed
with deionized water to remove any residues. Then, the
material was dried and ground to a 20-mesh particle size
for homogeneity. Figure 2 shows the chemical structure
of the pectin biopolymer present in PFF.

The PFF was characterized through the scanning
electron microscope (MEV) JEOL—model JSM-
6360LV (Tokyo, Japan) equipped with backscattered
secondary electron detectors coupled to an energy-
dispersive analyzer acting in a high vacuum with a
mechanical pump for the primary vacuum (10~> Torr)
and secondary vacuum (around 107 Torr). The PFF
material was fixed to a stub using a carbon adhesive
tape. The sample was metalized with a 20-nm gold
layer per sputtering deposition system. The surface
and morphology were evaluated, and the images
were obtained using an acceleration voltage of 5 kV
and X400 magnification.

HN 0
SO3 ! I
NH, O

Fig. 1 Chemical structure of the AB-25 dye
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Fig. 2 Structure chemistry of
the pectin biopolymer in PFF
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2.3 Kinetic Study

The kinetic study was carried out with a constant agi-
tation of 60 rpm, 30 °C of temperature, at pH 2.0 in
order to protonate the interaction sites of the adsorb-
ate/adsorbent. A solution of AB-25 dye at a concentra-
tion of 100 pg mL~!, with a total volume of 50 mL in a
100 mL-Erlenmeyer flask, with 20 mg of PFF was used
in the kinetic study, and 1 mL of aliquots of the solution
was analyzed every 30 min in a UV-Vis spectropho-
tometer, Shimadzu—Model 2401-PC (Kyoto, Japan),
with adjusted read between 300 and 800 nm, at 270 min
as the final time of kinetic studies. The equilibrium
adsorbed capacity ge (ug mg™') was calculated from
Eq. 1, where Wi is the mass of the adsorbent (mg), Co
is the initial concentration, Ce is the equilibrium con-
centration (g mL™"), and V is the volume (mL).

V.(Co — Ce)
e= —— =

Wi M

The Lagergren (1898) mathematical model for
pseudo-first was used for the adsorption capacity
of solids (Eq. 2), where g (pg mg™") is the adsorp-
tive capacity after contact time. k1 is the adsorption
capacity constant for pseudo-first order (min~') and
t is the time (min). The value of k1 was determined
through the graph of In(ge — g¢) versus t.

In(ge — gt) = In ge — k1.t )

The mathematical model for pseudo-second-
order (Ho & McKay, 1998) was used to evaluate
the adsorption capacity in liquid systems (Eq. 3).
k2 is the adsorption capacity constant for pseudo-
second-order (mg pg~' min~!) determined by inter-
cept in the graph (#/qt) versus ¢. For the best fit in the
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pseudo-second-order kinetic model, the plot on the
graph (#/gt) versus ¢t will have a linear relationship
close to the value 1.

_ 1o 1
qt  k2.ge*  ge 3)
The Weber and Morris (1963) mathematical model
was used to evaluate the occurrence of intraparticle
diffusion in macropore, mesopore, and micropore lay-
ers (Eq. 4), where C is the constant for layer thickness
(ng mg~Y) and Kdi is the constant for intraparticle dif-
fusion rate (mg pg~! (min®?) 7).

gt =Kdi.*3 +C )

2.4 Adsorption Isotherms

AB-25 dye solutions at 100 ug mL™" of concentration,
with a total volume of 50 mL in a 100 mL-Erlenmeyer
flask, were adjusted to pH 2.0, 4.0, 6.0, and 8.0. Assays
were performed in triplicate for each pH, with the dry
weight of PFF ranging from 20 to 60 mg. The tempera-
ture of 30 °C and 60 rpm of agitation were constant dur-
ing all the isotherm assays. The equilibrium time deter-
mined in the kinetic study was used as the final time of
the adsorption, and 1 mL of each aliquot was analyzed in
a UV-Vis spectrophotometer, adjusted at 300 to 800 nm.
The Langmuir (1918) mathematical model (Eq. 5)
was used to calculate the maximum adsorption capacity
(gm) for each pH study from the concentration of dye
remaining in the solution. The Langmuir isotherm is
also based on the assumption that the adsorption pro-
cess occurs at specific homogeneous sites on the sur-
face of the adsorbent, precluding the interaction of the



Water Air Soil Pollut (2022) 233:487

Page50f 16 487

dye molecule with the same site, forming monolayers
(Fat’hi et al., 2014), where Ce is the equilibrium con-
centration, / is the affinity between adsorbate/adsor-
bent (mL mg™!), and gm is the maximum capacity for
removing adsorbate by adsorption (ug mg™"). Ce/ge vs.
Ce allowed finding values of gm and [.
Ce_ I ,ce

ge  (Lgm) qm ®)

The Freundlich (1906) mathematical model (Eq. 6)
proposes that binding sites are occupied exponentially,
forming multiple layers of adsorbate/adsorbent interac-
tion. This model assumes that the surface of the adsor-
bent material is heterogeneous with several binding sites
occupied according to the intensity of the interaction,
where nf is the adsorption constant, and Kf is the con-
stant of adsorptive capacity (mL mg~"). nf and Kf values
were determined by linear regression (Inge vs. InCe).

1
1 =InKf+ —.InC
nge=InKf of n Ce (6)

2.5 Thermodynamics

The Van’t Hoff mathematical model (Eqs. 7 and 8) was
used to calculate the enthalpy and entropy of adsorp-
tion at temperatures of 10, 20, 30, and 50 °C. The
study used AB-25 dye solution at 100 pg mL~!, with a
total volume of 50 mL in a 100 mL-Erlenmeyer flask,
with 50 mg of PFF, constant agitation of 60 rpm, and
adjusted to pH 4.0.

Ryg is the universal gas constant (8.314 J mol™' K1),
T is the temperature in Kelvin (K) in the original equa-
tion, Kts is the equilibrium constant at each temperature
(mol g71), AS is the entropy, and AH is the enthalpy in
the system. InK#s vs. (1/7) allows finding the enthalpy
and entropy values.

Gibbs free energy (AG) (Van’T Hoff 1874) was used
to calculate spontaneity in adsorption processes (Eq. 9).

qe
Kts = —
= e (N
In Kts = ﬁ—A—Hl 8)
Rg Rg T
AG = AH - (AS.T) )

2.6 Fourier Transform Infrared Spectrophotometer

AB-25 dye and the PFF were characterized before
and after the adsorption, using the FT-IR spectropho-
tometer Shimadzu—Model 8300 (Kyoto, Japan) at
4000-400 cm™! scanned 32 times at a minimum reso-
lution of 4 cm™!. PFF adsorbent materials were ana-
lyzed after the adsorption of the dye at alkaline and
acidic pH (pH 2.0 and 8.0). The pellets were made
using 149 mg of KBr (Sigma-Aldrich, Darmstadt,
Germany) and 1 mg of PFF. Pellets were formed at a
pressure of 40 kN for 5 min. The graphs were plotted
in OriginPro 8.0 software and the chemical structures
were drawn in ACD/ChemSketch software.

2.7 Ecotoxicity Test

Bioassays were applied to determine the ecotoxico-
logical potential of AB-25 textile dye and waste solu-
tion before and after adsorption treatment with PFF.
For this purpose, Lactuca sativa seeds were used; it
is a highly sensitive test organism for bioassays with
dyes, according to Moraes Jr. and Bidoia (2015).

L. sativa seeds were purchased from ISLA® (Lot:
34,720-S2), agrochemical free and with a 97.0% of
germination index. The study was conducted fol-
lowing the methodology described by Pecora et al.
(2018), where twenty seeds were placed in Petri
dishes with sterile filter paper wet with 3 mL of the
respective dye solutions at different concentrations
(500, 1000, 2000, 3000, and 5000 mg mL™"). Plates
were incubated in a B.O.D. chamber at 21+ 1 °C in
the dark for 5 days. For the negative (NC) and posi-
tive (PC) controls, sterile mineral water and zinc
sulfate (0.05 M) were used, respectively. The germi-
nation percentage (% G) and the percentage of root
growth >0.1 mm (% R) in relation to NC were deter-
mined from the germination index (GI), which com-
bines % G and % R (Eqgs. 10, 11, and 12) (Moraes
Jr. and Bidoia 2015). The test was considered valid
when 90% of the seeds from NC germinated, and
90% of PC did not germinate. The roots of the seeds
were measured using ImageJ software. Dye toxicity
was determined by % GI and a linear equation was
then used to calculate the lethal concentrations (LC).
The bioassay rests on calculating the root elongation
in the germinating seeds as per the formula given by
PI=1—[RLT/RLC] in Eq. 13 (Mekki et al., 2007),
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where PI=phytotoxicity index; RLT=root length
in the treated seed; RLC =root length in the control
seeds. The values of the PI range between 0 and 1;
a higher value means toxic effects and a lower value
signifies a stimulatory effect.

_ Seed germination in sample

% G = 100
’ Seed germination in NC * (10)

Root el tion i 1
% R = oot elonga 1o.n m. sample 100 (an
Root elongation in NC

_ (%G) x (%R)

GI
100 (12)
RLT
Pl=1-"2
RLC (13)

3 Results and Discussion
SEM micrographs of the PFF material showed an

irregular surface with pores of approximately 1.25 um
(Fig. 3). Porous morphology gives the adsorbent

Fig. 3 The surface of PFF
material by SEM micro-
graph study

SElI 20kV WD9mm
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material a large contact surface, which can correlate
with the material’s adsorptive capacity.

For complete characterization of the PFF mate-
rial, the main chemical groups were determined by
FT-IR. Figure 4 shows the spectrum of PFF. The
peaks at 3580 cm™' are vibrations in hydroxyl bonds
—OH, commonly found in carbohydrates and fatty
acids of pectin biopolymer. The vibration stretching
of 1610 cm™ is related to the presence of C=C in
the aromatic rings. The peak 2937 cm™! is associ-
ated with the stretch of carbon —C-H in the biopoly-
mer chain. 1338 cm™! shows the characteristic vibra-
tion of the carboxyl —-COOH present in the esterified
carboxylic groups of the pectin molecule. The peak
2503 cm™! is associated with the stretching of the car-
bon of the cyclic groups.

Figure 5 shows the FT-IR spectrum of the AB-25
dye. The intense peak at 1571 cm™! represents the
carboxylic group —COOH and at 1274 cm™! the
stretch vibration at the —C—O bond in the aromatic
ring. The peak of 1414 cm™ is related to the curva-
ture of the N=0 bond and 1233 cm™' to the vibra-
tion of carbon in the aromatic rings. Peaks 1023 and
633 cm™! are respectively the stretching of the sul-
fonic group present in the dye and the vibrations of
the aromatic rings. Peaks 3429, 3285, and 2367 cm™!
are residues of CO, and primary amines.

Jan 18, 2018
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Fig. 4 The characteristic
spectrum of PFF in FT-IR
analysis

Fig. 5 The characteristic
spectrum of AB-25 dye in
FT-IR analysis
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In the kinetic studies, the adsorption equilibrium
was reached in 180 min, with a ge, of 3.72 pg mg™"'
and a correlation coefficient (R) of 0.983 (Fig. 6).
Results suggest that the dye has a high affinity with
PFF material, reaching the adsorption equilibrium in
a short period of time.

The pseudo-first- and pseudo-second-order math-
ematical models were applied in this study in order
to propose possible adsorbent/adsorbate interactions.
The determination of parameters was obtained by
non-linear regression and the results are presented
in Table 1. Among the models applied, the pseudo-
second-order obtained the best fit according to the
value of ge ., which was very close to the value of
ge(cxp Obtained in the kinetic study. Based on the
model, the adsorption capacity is limited in kinetic
equilibrium and is dependent on the affinity of ions

Fig. 6 Graph of the adsorp- 4.5 4
tion kinetics of AB-25

dye with PFF as adsorbent
material

4.0 -

354

: A
ge (ug.mg )
L

in the solution. In addition, the model assumes that
the adsorptive process is controlled by chemical inter-
actions (chemisorptions). Chemical bonding between
the dye molecule and the chemical site of interaction
in the PFF material occurs quickly, from the value
obtained in k2 in the pseudo-second-order model.

Figure 7 shows the PFF material after adsorption
in an acidified medium at the time determined in the
kinetic study. The change in color of the PFF showed
an empirical result for chemisorptions by which the
adsorbed dye did not return to the liquid phase even
under agitation. This result showed a strong bind-
ing profile between the dye and PFF that is related to
the Ho and McKay (1998) mathematical model for
pseudo-second-order.

The adsorption can assume an intraparticle diffu-
sion behavior when the dye molecule penetrates the

Table 1 Kinetic parameter values for the PFF adsorbent material

11T "7 "7 T 11
60 90 120 150 180 210 240 270

Time (min)

Pseudo-first-order

Pseudo-second-order

Adsorbent k1 (min™!) qecan (Mg mg™") R SD k2 (mg pg~! min~") qecan (Mg mg~") R SD
material
PFF 0.00459 28.378 0.945 0.879 0.00012 25.248 0.969 0.612
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Fig.7 Comparison A
between PFF material

before (A) and after (B) 4
adsorption of AB-25 dye in

kinetic study -

inner layers of the adsorbent. The porosity of the
PFF material can influence the occurrence of intra-
particle diffusion, as well as assume more than one
chemical group of adsorbate/adsorbent interaction in
superficial and internal layers. The external mass dif-
fusion inside the PFF material was evaluated by dye
penetration range through the macropore, mesopore,
and micropore layers in a solid-liquid system. The
data taken from the Boyd et al. (1947) equation in this
study are plotted on the graph in Fig. 8.

The occurrence of intraparticle diffusion in the
PFF is correlated through the mathematical adjust-
ment by the formation of two independent lines,
which represent two layers of adsorptive penetra-
tion. The first line adjustment indicates that the dye
has been adsorbed on the surface layer of the material
(macropore). The second line (mesopore) is a layer
formed of dye molecules adsorbed on interaction sites
after intraparticle diffusion. The dye did not reach
intraparticle diffusion to the micropore layer, which

Fig. 8 Graph of intraparti- 24 - ®  Macropore layer
cle diffusion of AB-25 dye 4 ; 1, . 05,4
by PFF adsorbent material 77 | Kdi=2,446 pjgmg  (min )
1 =3320pgmg’, R=0982
20
18 Mesopore layer
1 Kdi=0433 pgmg" (min”™)"
167 c=9.186pgmg’, R=0.710
g 1 w
12 -
5 104 _%
] ) ﬁ |
8 - ]
- .
] p J, -
4 & 27
R s e e e o e
4 6 8 10 12 14 16 18 20
i {min“s )
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was justified by the C values that indicated physical
resistance by PFF due to porosity and physic-chem-
ical interactions that prevented the sorption into the
next layer. Thus, dye molecules have mainly adsorp-
tive affinity on the surface of PFF followed by intra-
particle diffusion. The high affinity is associated with
the Kdi values that were higher in the macropore layer
compared to Kdi values obtained in the mesopore
layer.

The mathematical models of Langmuir and Fre-
undlich determined the dye adsorption capacity by
PFF material considering pH as a variable (Table 2).
According to the R (correlative coefficient), Langmuir
isotherms had a better fit at all pH, which indicates
the occurrence of chemical interactions (chemisorp-
tion). Dye molecules bind at specific sites on the PFF
material to form monolayer interactions. However,
the adsorption carried out at pH 8 showed an R very
close to the Freundlich isotherm. In this model, the
adsorbate/adsorbent interactions occur through physi-
cal interactions (physisorption) forming a cluster of
dye molecules in multiple layers around the adsorbent
site. Therefore, it is possible that a small number of
dye molecules are being absorbed by physisorption at
pH 8.0; however, even at this pH the adsorption still
follows the Langmuir model, and consequently, the
main interaction between adsorbate/adsorbent will
still be by chemisorption (Saber-Samandari & Hey-
daripour, 2015).

The gm values increased proportionally to the
acidification, and these results confirm that the pH
influences the protonation of the interaction sites
(adsorbate/adsorbent) and leads to chemisorption.
The adsorption capacity by Kf values decreases in
acidified pH due to the low availability of protonated
interaction sites.

The acidified pH favors the adsorption capacity of
the PFF. However, at alkaline pH, chemisorption can
also occur through alternative interaction sites due to
the characteristics of the adsorbent material.

As related by Adane et al. (2015), the nf is an
index of the diversity of free energies associated with
the adsorption of the adsorbate by a heterogeneous
site from the adsorbent. Therefore, if nf is equal to
1, the isotherm is linear; when nf<1, the isotherm
is concave and adsorbate is bound with weaker free
energies; and if nf is greater than 1, the isotherm is
convex having an enhancement of the free energies in
the adsorption process (Adane et al., 2015). The pre-
sent results from this work had nf © 1, which indicates
favorable adsorption with a concave isotherm and
bounds with weaker free energies between adsorbate/
adsorbent. Similar to these results, Saber-Samandari
and Heydaripour (2015) obtained similar values for
nf, but its adsorption respected the Langmuir model
and was a chemisorption process. Thus, the nf was
used to confirm the spontaneous and favorable
adsorption in this case. The same stipulation is possi-
ble to do with the results of the nf obtained in the pre-
sent study since the isotherm follows the Langmuir
model, and with the nf values, it is possible to stipu-
late that the adsorption is spontaneous and favorable.
When analyzing the results of Langmuir and Freun-
dlich isotherms, together with the kinetic studies, it
is possible to affirm that the adsorption is occurring
by chemisorption (Adane et al., 2015; Dilarri et al.,
2018; Gouthaman et al., 2018; Saber-Samandari &
Heydaripour, 2015).

The results of the isotherms also showed that
adsorption has its highest gm value (124.071 ug mg™")
at pH 2.0, with 30 °C of temperature and 60 rpm of
constant agitation. This result is much lower when
compared to other materials based on activated car-
bon (Fayazi et al., 2015; Foo & Hameed, 2010;
Jawad & Abdulhameed, 2020). Jawad and Abdulha-
meed (2020) reached a gm of 305.3 ug mg~!, being
a more efficient adsorbent than the PFF. However,
Jawad and Abdulhameed (2020) only reached this
value at a temperature of 40 °C, being 10 °C higher
than the adsorptive experiments of the present study.

Table 2 Adsorption

. Langmuir Freundlich

isotherm values for the

Langmuir and Freundlich pH qm [ R SD Kf nf R SD

models
2.0 124.071 0.007 0.992 1.06 0.216 0.487 0.907 1.92
4.0 7.337 0.053 0.979 1.14 1.298 0.526 0.892 2.16
6.0 6.346 0.061 0.989 1.41 5.257 0.776 0.912 1.68
8.0 3.763 0.310 0.885 1.96 8.023 0.971 0.873 2.17
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In addition, Jawad and Abdulhameed (2020) have
used activated carbon that underwent more complex
chemical processes, making it an adsorbent material
more refined and expensive, consequently. Ahmad
et al. (2013) have used activated carbon derived from
solid waste and obtained a close gm value to the PFF
proposed in the present work. Fayazi et al. (2015)
used activated carbon/y-Fe,O; nano-composite and
obtained a gm value of 108.69 pug mg~!, being the
PFF 15.381 ug mg™! more efficient as an adsorbent.
It is also important to note again that the complex-
ity and greater refinement of the adsorbent used by
Fayazi et al. (2015) are highlighted, being also an
adsorbent with a higher added value when compared
to the PFF. In this way, the use of waste from the food

industry in the production of PFF as an adsorbent
was satisfactory for the textile dye treatment, since its
results were up to par with other more expensive and
complex adsorbents.

The FT-IR was used as a tool to identify the main
chemical groups that act as sites of adsorbate/adsor-
bent interactions. As shown in isotherm studies, the
adsorptive capacity is influenced by pH. Therefore,
adsorptive interactions through chemical and physi-
cal bonds were indicated by changes in the peaks of
PFF spectra after the adsorption at pH 8.0 and 2.0
(Fig. 9). After adsorption, the FT-IR spectra showed
deformations and displacement in the PFF peaks that
characterize the chemisorptions independent of the
pH value. This result confirms the fit to the Langmuir
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Fig. 9 Comparison of the FT-IR spectra of the PFF material at different times: A before adsorption of AB-25 dye; B after adsorption
of AB-25 dye at alkaline pH; and C after adsorption of AB-25 dye at acidic pH
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mathematical model in the study of isotherms. Also
in agreement with the study of isotherms, at alka-
line pH, there is also a reduction in the peak inten-
sity, which indicates a possible physical interaction
between the dye and PFF. Therefore, adsorption at pH
8.0 can occur by charge shifts between the electrons
of the planar © bond present in the aromatic ring of
the dye molecule with the cyclic chain groups in the
pectin. The peak at 1044 cm™ is the vibration of the
—C-0 group and had its intensity reduced. The peaks
at pH 2.0 show deformation at 1441 cm™!, which is
the —COOH group in the cyclohexane of the biopoly-
mer. The peak at 952 cm™! reduced the intensity and
indicates C=CH, binding, which is another group of
adsorptive interactions. The peak at 665 cm™! showed
deformation, and this region is the elongation of the
sulfonic groups —SOj; present in the dye. This group
can interact by sharing electrons with the PFF. The
peak at 825 cm™! disappears at pH 2.0, and shows
the —C-H angular deformation typically found in the
monosubstituted ring of the pectin biopolymer.

Figure 10 predicts the possible chemical inter-
actions between PFF and the dye molecules. The
adsorption occurs through a strong electrochemi-
cal interaction between the sulfonic group—SO; of
the dye with the carboxylic group—COO —of the
PFF. As the pH of the solution decreases, the ioni-
zation of these chemical groups increases, and this
allows increasing the material’s adsorptive capac-
ity. In addition to the electrochemical interaction in
the adsorption mechanism, other interactions such
as hydrogen bonds, which occur with some func-
tional groups (—OH,—COOH,-S0O;, H-NHCO),
and dipole—dipole interactions are important for
adsorption.

The characteristics of adsorbent material can be
expressed by thermodynamic parameters, such as the
variation of Gibbs free energy (AG); enthalpy (AH);
and entropy (AS) shown in Table 3.

The positive value of AS indicates the existence of
more than one site of adsorptive interaction due to the
randomness of chemical bonds in the solid-liquid inter-
face (Dilarri et al., 2016). The AH values can also be
evaluated as a measure of the bond strength interaction
between adsorbate/adsorbent (Crini & Badot, 2008). The
AG decreased with increasing temperature, which sug-
gests a spontaneous reaction between adsorbate/adsor-
bent. In addition, the decrease in AG values indicates
high adsorptive affinity. The negative value of AG also

@ Springer

indicates high binding strength by the adsorption pro-
cess. Thermodynamic studies indicated that adsorption is
spontaneous and an endothermic process. Elevated tem-
peratures lead to molecular agitation in adsorbate, which
allows for increasing the bindings between dye molecules
and the site available in PFF material.

The seeds of L. sativa were used in a bioassay in
contact with the dye AB-25. During the germination
period, toxic molecules affect the complete develop-
ment of the plant. Textile dyes are known to have
great amount of different salts in their composition
(Dilarri et al., 2018), being high salinity toxic dur-
ing the seed germination period (Siddiqui & Abbas,
2021). The AB-25, for example, just 45%, is the
organic dye molecule; the other 55% of their com-
position is constituted by different salts. Also, the
aromatic ring and chemical groups —NH; and —SO;
are known as toxic groups for plant growth and
development, mainly during the germination pro-
cess (Almeida & Corso, 2014; Moraes Jr and Bidoia
2015). This highlights the importance of a phyto-
toxicity test before and after the treatment of textile
dyes. Therefore, toxicity can be measured by germi-
nation and root reduction. The bar graph shows the
decrease in the germination index (%) of L. sativa
after increasing the dye concentration (Fig. 11).

The significant decrease in the germination
index (%) was only reached at concentrations start-
ing at 500 mg mL~! of the AB-25 dye. The solu-
tion remaining from the adsorptive process with
PFF did not change the germination index when
compared to the control. The adsorptive stud-
ies were performed at the initial concentration of
100 pg mL~! and after treatment with PFF, the
concentrations remaining in the kinetic study were
3.72 pg mg~!. However, it was possible to estimate
the LCy, and LC,,, from a linear regression. As
a result, LC,,, was achieved at 120 pg mL~" and
LCs, at 108 pg mL™'. Therefore, the adsorptive
treatment with PFF reduced the toxicity of the
AB-25 dye solution. The adsorption removes the
entire molecule of adsorbate; consequently, any
secondary residues are still present in the solu-
tion. Putting the dye values after the treatments
together with the LCy),, we have a reduction in
the toxicity of the sample. When comparing the
removal of AB-25 by the adsorption of the present
adsorbent material with other works using similar
dyes, such as Acid Blue 161, Acid Blue 92, and
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Fig. 10 Chemical interactions after adsorption between AB-25 dye and pectin biopolymer present in the PFF adsorbent material

Table 3 Values of thermodynamic constants obtained with the PFF material in adsorptive processes

AS (cal mol™") AH (cal mol™) AG (kcal mol™")

283.15K (10°C)  293.15K (20°C)  303.15K (30°C)  323.15 K (50 °C)

0.012 8.375 5.332 3.572 1.420 —1.197
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Fig. 11 Germination index
(%) of L. sativa seeds in a
bioassay with AB-25 dye
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Acid Blue 9, it is possible to see that the results
obtained are satisfactory at the reduction of toxic-
ity, and in addition, to achieve very similar final
values of concentration in contrast with more elab-
orate adsorbents such as those proposed by Dilarri
et al. (2018) (industrial chitosan powder), Balarak
et al. (2021) (single-walled carbon nanotubes),
and Subbareddy et al. (2020) (aluminum silicate-
coated Fuller’s Earth). The difference in root
growth after contact with the solution remaining
from the adsorptive treatment was measured by the
PI value. PI values were lower in all adsorptive
treatments, with a value of 0.732 for the solution
treated with 20 mg of PFF and a value of 0.103
for 30 mg of PFF. Therefore, this result confirms
the reduction of toxicity after the adsorptive treat-
ments with PFF.

4 Conclusion
The PFF material promoted a sustainable study of the
juice industry residue, which showed adsorptive char-

acteristics with the sulfonic group textile dye. The study
promoted the knowledge of the adsorptive processes
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with the PFF material for future application in the treat-
ment of textile waste. At first, the material presented a
porous surface shown in SEM, which increases the con-
tact surface for adsorbate/adsorbent interaction.

The dye was adsorbed on the inner layers of the
adsorbent materials by intraparticle diffusion. Fur-
thermore, kinetic equilibrium was reached after
the complete filling of the mesopore layer deter-
mined in this study. The kinetic equilibrium was
established in a short period of time and the tem-
perature influenced the adsorptive capacity due to
molecular agitation that increases the collisions at
the sites of adsorptive interactions.

The FT-IR spectra revealed changes in the chemi-
cal groups of the adsorbent material after adsorption
at acid pH in all adsorbent materials, which indicates
the occurrence of chemical bonding (chemisorption).

The study with PFF showed a reduction in the
toxicity of the medium; this result was obtained
after bioassays. Therefore, the use of PFF mate-
rial showed a sustainable alternative for waste
with amounts of pectin biopolymer, which showed
characteristics for application in the treatment of
textile waste. This study was fundamental for the
adsorptive understanding of the new material to
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establish the best results before pilot-scale appli-
cation with wastewater from the textile industry.
Residual management allows possible applications
in different studies of industrial treatment, which
could be economically viable and environmentally
friendly.
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ABSTRACT

The incorrect disposal of contaminated effluents from textile industries is a major contribution to their envi-
ronmental impact. We aimed to use the chitosan biopolymer from industrial sources as a potential adsorbent
agent. The experiments were performed in Jar-Test simulating an industrial scale treatment. Both pH and
mass variations were analyzed. Our UV spectra results showed that all datasets fitted to the Langmuir model,
indicating the formation of monolayers. Kinetics studies confirmed that adsorption follows a pseudo-second
order model, in addition to a chemisorption pattern during adsorption. Kinetics studies also demonstrated
intraparticle diffusion, which confirmed a strong adsorbate/adsorbent interaction with the dye. The Jar-Test
proved to be an efficient system to simulate treatment of effluents on an industrial scale, thus ranking chi-
tosan powder as a good adsorbent and eligible to future large-scale applications.

Keywords: chitosan, intraparticle diffusions, chemisorption, isotherms, Kinetics

1. INTRODUCTION

Water pollution is a major worldwide problems that has been constantly aggravated by increasing anthropo-
genic activities. The residues of industrial processes and wastewater from domestic sewage are among the
pollution sources that are often incorporated into rivers, especially when adequate and effective treatment
methods are lacking. In this context, the textile industry is responsible for generating bulk effluents contain-
ing mainly synthetic dyes and toxic organic compounds, such as benzene, toluene, ethylbenzene, naphtha-
lene, anthracene and xylene [1]. Circa 10% of all dyestuffs produced or processed by the textile industries are
directly disposed as effluents [2], as the textile industry consumes approximately 10,000 tons per year of syn-
thetic dyes [3]. Once in the environment, dyes and their derivatives may present high toxicity levels with
mutagenic and carcinogenic effects on exposed organisms [4]. Moreover, the high organic load released into
effluents changes local ecosystems due to the increase in water turbidity. The modified environment hinders
the penetration of the solar radiation, which can further disturb the photosynthetic activity, decrease gas solu-
bility and reduce the oxygen uptake rates [5]. Furthermore, the disposal of textile wastewaters lead to bioac-
cumulation and ecotoxicological processes [6].

There are currently several classes of synthetic dyes available in the textile market: acid, azoic, reac-
tive, direct, dispersed, metallized, bleach and sulfonic. Approximately 60% of the dyes are azoic, being one
of the groups of higher environmental impacts. This class often present more than one complex aromatic
chain. In general, the functional chromophore groups are a result of the interaction between azo functions (-
N=N-) and aromatic species in the dye molecules [7]. However, the reductive cleavage of azo bonds in azoic
dyes generate toxic and carcinogenic amines [3].

The removal of these dyes from effluents has been studied by physicochemical methods such as ozo-
nization [8], photo-electrochemical degradation [9], subcritical flow [10]; and biological methods, such as
microbiological degradation [11]. However, the physicochemical methods application costs are much higher,
whereas biological methods require a large treatment area and longer effluent retention time. Therefore, dye
waste management ends up being unfeasible by the lack of optimal applicability on an industrial scale.

Adsorption is presented as an alternative towards the treatment of textile industry waste. Its viability is
due to the availably of many low-cost adsorbent materials. Most adsorbent substrates are biodegradable, easi-
ly obtainable in nature and, more importantly, obtained from pre-existing waste. Adsorption is considered a
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very efficient technique compared to other treatment methods, due to its simplicity of design and operation,
associated with its efficacy and minimum to none toxic output [12]. Different types of materials have been
proposed as good adsorbents, however, activated carbon remains as the most used adsorptive material in pro-
cesses due to their low cost, suitable physical properties, and regional availability on an industrial scale [13].

A highly adsorbent biopolymer be obtained in fishing activities with shrimp and other arthropods as a
replacement to activated carbon. Chitosan is a biopolymer obtained by deacetylation of chitin from the exo-
skeleton of arthropods or fungal cell walls [15], often synthesized using the fishing residues such as crusta-
cean shells. The world chitosan market share includes 60% nutraceuticals and food use, 17% flocculants, 5%
cosmetics, 5% agriculture, 6.5% in the textile and paper industries and 6.5% in the pharmaceutical and medi-
cal industries [16]. Chitosan choice as an adsorbent material is aided by the fact that the fishing market waste
itself has become an environmental problem, in which tons of shell residues are disposed daily. It may also
represent an abundant source of biopolymers, as the annual global production of shrimp, crayfish, lobsters,
and crabs is estimated at 1,44 million tons of dried biomass [14].

Chitosan is already reported in the literature as a good adsorbent material for dyes [15], but, to the best
of our knowledge, no tests have yet been performed proposing commercial chitosan biopolymer as adsorbent
material in textile industry. Thus, the aim of this work was to analyze the potential of industrial chitosan
powder as a dye adsorbent. To evaluate the applicability of the material on an larger scale, the Jar-Test sys-
tem was used to simulate the application in a textile effluent treatment in a real contamination scenario. The
Jar-Test is a prospective small-scale simulator of an industrial effluent treatment. We selected the azo reac-
tive dye Direct Orange 2GL as our contaminant to represent the synthetic dyes found in textile dyeing pro-
cesses. Mathematical models of kinetics and isotherm were applied in the results to specify the main mecha-
nisms of adsorbate/adsorbent interaction that occurred throughout the sorption process.

2. MATERIALS AND METHODS

2.1 Chitosan

The chitosan powder used in this study was obtained from Purifarma Chemistry & Pharmaceutical Brazil-SP,
being derived only from shrimp shells with physicochemical characteristics of 90% degree of deacetylation
corresponding to 5.60 x 10 mole of amino group per grams of biopolymer, particle size of 80 mesh and den-
sity of 0.38 g mL™. Its chemical structure is shown in Figure 1.

Figure 1: Chemical structure of chitosan.

2.2 Direct Orange 2GL

Direct Orange 2GL (DO 2GL) dye, Chemical Abstract Service (CAS) number: 1325-54-8 and molar mass of
299 moles was obtained from the company Dimacolor Industry Group Co. It is a stable dye on pH variation
with its maximum absorbance at 415 A. The dye has reactive sulfonic groups, which confers solubility in
aqueous medium, besides an azo functional group in its structure (Figure 2).

503“3 N\\}
N NH,

Figure 2: Chemical structure of the reactive dye Direct Orange 2GL.
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2.3 Adsorption test using Jar-Test

Adsorption assays with DO 2GL dye solution were performed through various mass concentrations of the
chitosan powder: 0.2; 0.4; 0.6; 0.8 and 1.0 g. The Jar-Test equipment (Policontrol model FlocControl I1), was
adjusted for constant blade rotation at 60 rpm, with a maximum contact time of 3 hours, at room temperature
of 25 + 2 °C (Figure 3).

Figure 3: Jar-Test sistem used for dye adsorption assays.

A dye solution with a concentration of 8.36 x 10 mmol L™ (50 mg L) was added to 500 mL in each
vat where adsorption took place. The adsorption studies with mass variations were also conducted at different
pH values (5.50 and 6.50), as this is the regulated range for the disposal of any treated effluent according to
Brazilian environmental laws [17].

Aliquots of each sample were taken after the final test period, and thereafter they were centrifuged at
3000 rpm for 10 minutes, thus separating the adsorbent from the solution. The aqueous phase was then meas-
ured in a UV-Vis spectrophotometer (Thermo Scientific model BioMate 3S) from 300 to 800 nm, using
quartz cuvettes with a 10 mm optical path. The dye concentration adsorbed per mass of adsorbent was calcu-
lated using Equation 1.

_ (Co—cCe).v
T Tw @)
where W is mass (g), V is the volume of the solution (L), Co is the initial concentration and Ce is the concen-
tration of the dye in the solution (mg L™) after adsorptions, and qge is the adsorption capacity at equilibrium
per mass of chitosan powder (mg g™).

The data obtained in this study were analyzed using the mathematical models of the isotherms of
Langmuir (1918) [18] and Freundlich (1906) [19], which can determine the singular characteristics of the
adsorption, besides being able to determine whether the sorption process is physical or chemical.

The Langmuir model (Equation 2) fits to adsorption datasets whose adsorbent is homogeneous. Ac-
cording to Langmuir isotherms, a specific chemical site of the adsorbent surface will interact with the ad-
sorbate having a finite number of binding sites, thus forming a monolayer [20].

gm.l.Ce

qe = —/————
1+ Ce.l )

where gm is the maximum amount of dye adsorbed per mass of adsorbent at equilibrium (mg g™) and | is the
Langmuir constant related to the affinity of the adsorbent and adsorbate (L g™).

When linearizing the Langmuir model, we obtained the Equation 3. Through the linear regression of
the graph of Ce/ge vs. Ce we found the values of the constants gm and .
Ce _ 1 Ce

ge B Lgm qm 3)

The Langmuir separation factor (RI) was also calculated, using the Equation 4 proposed by McKay et
al. (1982) [21].

Al = 1 (4)
T 1+1LCo
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This model helped to determine if the adsorption was favorable or unfavorable. Depending on the RI
results, we considered RI = 0 the adsorption to be irreversible, RI = 1 linear, Rl > 1 unfavorable, and 0 < RI <
1 favorable [21].

The Freundlich model (Equation 5), on the other hand, proposes that the surface of the adsorbent is
heterogeneous. In other words, the surface has different sites of interaction with the adsorbate, and the occu-
pation of these sites follows a descending order according to their interaction and energy. The decreasing and
exponential occupation of the interaction sites lead to the formation of a multiple layer adsorption on the ad-
sorbent [22].

ge = Kf.Ce'™f (5)

where Kf is the Freundlich constant related with solid adsorption capacity (L g™), and nf is the adsorption
constant.

The linearized Freundlich model (Equation 6) and the linear regression plot of Inge vs. InCe allowed
th calculation of Kf and nf values.

1
Inge=InKf+—.InCe
nf (6)

2.4 Kinetics studies in Jar-Test

The Kinetic studies were performed separately, using Jar-Test equipment. We added 500 mL of dye solution
with an initial concentration of 50 mg L™, at pH 6.50 and 5.50, to each vat. Powdered chitosan (1.0 g) was
added simultaneously to each vat. The equipment was adjusted for constant blade movement at 60 rpm, at
room temperature (25 = 2 °C). The dye concentration was monitored at a sequential interval of 10 minutes at
a maximum observation time of 90 minutes. The solution aliquots were all centrifuged at 3000 rpm for 10
minutes before each analysis in UV-Vis spectrophotometer.

For a better interpretation of the kinetic data, we used the mathematical models of pseudo-first order
(Equation 7) proposed by Lagergren (1898) [23], and pseudo-second order (Equation 8) proposed by Ho and
McKay (1998) [24].

In(ge — qt) = Inqge — kl.t
@)
and

t 1 t

; - ks.qe* qe (8)

where t is time in minutes, qt is the amount of dye adsorbed at time t (mg g™), kl is the adsorption rate con-
stant of the pseudo-first order model (min™), and ks is the pseudo-second order rate constant (g mg™* min™).

Adsorbate is often not restricted to adsorbing only to surface layers, as its penetration into the adsor-
bent molecule may also occur. In order to evaluate this occurrence, we applied the mathematical model of the
intraparticle diffusion proposed by Weber and Morris (1963) [25] (Equation 9).

gt = Kdi.t°* + C
)

in which Kdi is the constant of intraparticle diffusion rate (g mg™ (min®®)™) and C is a constant related to the
thickness of the diffusion layers (mg g™).

Still, intraparticle diffusion can occur simultaneously with surface adsorption and may not be the driv-
ing factor of the reaction [22]. We applied the Equation 10 to identify simultaneous intraparticle diffusion,
according to the Boyd et al. (1947) model [26].

Bt = —0.4977 —In (1 - q—t)
o (10)

In this case, if the Bt vs. t plot passes through the graph coordinate plane origin, intraparticle diffusion
is the dominant process in sorption [27].
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The second Boyd model (Equation 11) was also used to calculate the effective diffusion coefficient.

r2.Bb

Di S
i=— GEN

in which Di is the effective diffusion coefficient (cm? s) of DO 2GL dye in the chitosan powder, r is the
average radius of the chitosan powder particle (0.00885 cm), and Bb is calculated from the graph of Bt as a
function of t.

All the kinetic and adsorptive studies conducted in Jar-Tests were done in triplicates. Proper standard
deviation (SD) analysis was applied to our data output and to the mathematical models fits using Equation
12.

|
N

- w 1Z(QleQ_zeQw

(12)

in which Qie and Qic (mg g™) are experimental and calculated mass of dye adsorbed by adsorbents materials,
and N is the number of measurements made.

The graphs and chemical structures used in this work were designed using proprietary software Origin
6.10 and ACD/ChemSketch.

3. RESULTS AND DISCUSSION

Our adsorption study with Jar-Test showed that chitosan is a very dense powder. It decanted at the bottom of
the vats after 3 hours. Although dense, the blades of the Jar-Test system had no difficulty in keeping constant
stirring, thus proving that chitosan powder would be a viable material to upscaled industrial applications.

The sorption rate of the dye compared to the mass of the adsorbent material (Figure 4) showed that
adsorption was more efficient at pH 5.50.

®  Dwve solution at pH 6,50
Dve solution at pH 5,50
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Figure 4: Amount of dye adsorbed per mass of chitosan powder.

Chitosan had an adsorption capacity of 24.615 mg g™* at pH 6.50. In comparison, Safa [28] reported in
a previous studies using rice husk that Direct Orange dye adsorption was 36.14 mg g™ at pH 3.0. The maxi-
mum adsorption achieved by both materials were similar. However, the use of chitosan in our study is more
advantageous because the applied pH is much closer to neutral. Thus, no further adjustments to the pH of the
treatment tank output is required before releasing the treated industrial wastewater. Changes in pH would
increase the use of chemicals and the overall treatment costs.
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The isotherms (Table 1) confirmed that for both pH the adsorption fitted best to the Langmuir model
(Figure 5), indicating that a specific site of the adsorbent is interacting with the DO 2GL dye, forming a

monolayer.

Table 1: Adsorption isotherm parameters

Chitosan powder

Langmuir isotherm Freundlich isotherm

pH

5.50
6.50

[ RI R SD Kf nf R
(Lg?h (Lg?h

111.482 1.292 0.0152 0.924 1.010 52527  7.157 0.861
111.607 0.310 0.0606 0.983 1450 27.085  1.830 0.981

SD

2.835
3.797

No major variation was found when comparing gm in both pH values, similarly to the values of ge
(Figure 5). The maximum sorption rates are likely equivalent in an ideal equilibrium. However, the values of
I indicated that the chitosan powder had a much higher adsorbate/adsorbent affinity when in more acidic me-
dium. This result is corroborated when the values of RI obtained are compared, as it almost approaches 0 in
pH 5.50, thus indicating that adsorption is close to irreversible. This result indicates chemical interactions
that involve a shared and/or exchanged electron flow between the chitosan powder and the DO 2GL dye
molecule. Even so, adsorption was also favorable when pH 6.50, despite not showing high sorption affinity.
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Figure 5: Adsorption isotherm models: | — Langmuir model in the solution at pH 6.50; 11 — Freundlich model in the solu-

tion at pH 6.50; 111 — Langmuir model in the solution at pH 5.50 and IV — Freundlich model in the solution at pH 5.50.

Although not following the Freundlich model (Figure 5), the Kf values indicated that solid/liquid ad-
sorption capacity were higher at pH 5.50, confirming a high interaction between adsorbent with adsorbate. In
this case, even if adsorption does not fit the Freundlich model, both isotherm and values of nf are greater than
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1. The surface interaction promoted by chitosan is homogeneous, reinforcing the best fit to the Langmuir
isotherm for both pH values.

The kinetic studies showed that both materials reach the equilibrium of sorption almost at the same
time (Figure 6), even in solutions with different pH. The adsorption reaches the equilibrium 10 minutes earli-
er at pH 5.50 than at pH 6.50, which is not a relevant difference in industrial scale treatments.

25 i d——n—a 254
e
A
-
04 { a0
|
|
- 154 | -
i ! o
& | o
= 10 f E .
= | £
|
54 / 54
i
o [] o
T T T T 1 T T T T T 1
0 20 40 &0 a0 100 (4] 20 40 an B0 100
Time {min} Time (min}

Figure 6: Kinetics studies plot: | — Experimental adsorption kinetics at pH 6.50 and 11 — Experimental adsorption kinetics
at pH 5.50.

Both pH and adsorption patterns correlate to the kinetic models of pseudo-second order (Table 2) ac-
cording to the coefficients obtained in the kinetic studies. This result is corroborated by g€ and gea that
were much closer to the pseudo-second order model. An adsorption that follows the pseudo-second order
model means that adsorption occurs by a chemical process [29], such as the data obtained in our isotherm
studies.

Table 2: Kinetics studies parameters

Chitosan powder Pseudo-first order Pseudo-second order
pH qe(exp)_ kl . QE(ca!)l R SD ki o qe(capl R SD
(mgg  (min)  (mgg) (gmg* min (mgg)
) )
550 24.955 0.0353 2.940 0.877  0.565 0.0218 25.335 0.995  0.389
6.50 24.615 0.0564 4.207 0.819 1.044 0.0254 25.259 0996 0.374

Besides, the results of intraparticle diffusion (Figure 7) showed that the diffusion of dye molecules in-
to the chitosan powder occurred at both pH values. We also observed a second linear region, that is possibly
related to diffusion occurring at a second layer, also known as macropore layer [24]. The equilibrium is prob-
ably achieved in this region, without further penetration of the dye into a third and inner layer.
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Figure 7: Intraparticle diffusion: | — Dye solution at pH 6.50 (m macropore layer; m mesopore layer) and 1l — Dye solu-
tion at pH 5.50 (A macropore layer; A mesopore layer).

The intraparticle diffusion constants on Table 3 show that the Kdi values of the macropore layer were
lower than the first boundary layer. In other words, the diffusion primarily occurred in the second layer
(mesopore) by filling all the possible sites in that region before filling the first layer. The constant of diffu-
sion layer thickness was higher in the macropore layer, which indicates its major resistance to dye penetra-
tion compared to the first boundary layer. This corroborates our aforementioned results of intraparticle diffu-
sion.

Table 3: Constants values of intraparticle diffusion

pH First boundary layer Macropore layer
Kdi C R SD Kdi C R SD
(mgg* (min®Y  (Myg?) (mg g™ (min®)*)  (mgg™)
6.5 0573 19.882  0.997 1.192 0.032 24317 0.948 2178
55 0.668 19.648  0.983 0.603 0.147 23508  0.941 0.983

The Boyd plot (Bt vs. t) further confirmed that diffusion is not controlling the sorption process at both
pH values since the regression function did not pass through the origin of the coordinate plane (Figure 8). We
propose that the main sorption site is on the surface, as the actual adsorption controller.

I |
L
54 N 4
//
o
ad -
o 34
o
-~
F4 L]
& /. -
- =2
L ]
24 l/
.
f/' 1_
14 P
-
//
0= //’l -
T T T T T T T T 1 - T T T T
40 0 W 2 30 4 ;0 8 70 B0 i o a0 & o
Time (min}) Time (min})

Figure 8: Boyd function: | — Dye solution at pH 6.50 and Il — Dye solution at pH 5.50.
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The Bb values for pH 6.50 and 5.50 were 0.0737 and 0.0521 respectively, whereby it was possible to
determine the Di values for both pH, being 5.851 x 107 cm? s™ at pH 6.50, and 4.137 x 107 cm?® s at pH
5.50. The values of Di on the order of 10" cm? s™ confirms that the adsorption took place on both the external
and internal surfaces, being much more intense on the surface.

Based on the isotherms and kinetics, we observed that a specific sorption site promoted chemical in-
teraction. Therefore, it was necessary to understand the main sites of possible chemisorption to propose a
mechanism that could explain the interaction between the dye and the biopolymer. The DO 2GL dye has sul-
fonic functional groups (SO3’) and the chitosan amino functional groups (NH,), which gives it ionic interac-
tions capabilities. As a result, any pH changes in the solution is supposed to interfere with the charges and
electrostatic interactions between the adsorbate and the adsorbent. The protonated chitosan (NH;") allows a
more efficient interaction with charged dye molecules (Figure 9), being one of the main reasons for the ad-
sorption to be more efficient in a more acidic pH, as observed in this work.
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Figure 9: Possible chemical interaction between the chitosan powder and DO 2GL dye.

Thus, a solution set to an acid medium induces the electrostatic interactions that result in the protona-
tion of the amino groups. Therefore, in the presence of acidified aqueous solutions, the functional groups of
the chitosan molecule are positively charged and promote strong interactions between the free valences of
the amino groups (NH;") and the anions of the sulfonic radical groups (SO3’) belonging to the dye. This type
of interaction with chitosan can be extended to other sulfonic dyes.

Based on the maximum effluent disposal regulations in Brazil [17], along with the tolerable spectro-
photometric pattern of dye traces in water for disposal in the environment [30], we can stipulate the monthly
costs of treating effluents using the chitosan powder as an adsorbent in a treatment system similar to Jar-Test.
Not taking into account electricity, maintenance and equipment costs, and assuming that the adsorbent price
is from a Brazilian supplier with fixed capital without inflation effects, it would be necessary to spend ap-
proximately US$ 7,075.27 per month to treat a 100 m® effluent with a concentration of 0.05 g L™ of textile
dye. A specific amount of adsorbent material may be required to remove the dye according to their respective
adsorbate/adsorbent interactions when we consider that the dye to be treated would be DO 2GL. The average
price of chitosan powder is US$ 10.61 per kg, while the activated carbon quoted in this work has an average
cost of US$ 9.65 per kg, however, due to its high interaction with reactive sulfonic dyes, chitosan becomes
more cost-effective. Therefore, chitosan powder can be considered a very feasible adsorbent agent of dyes in
industrial scale effluent treatment.

4. CONCLUSION

Chitosan powder was a good adsorbent material according to our experimental approach. We propose that it
is reasonable replacement for activated carbon, which is currently used in most adsorptive treatments. Be-
sides, chitosan is a low-cost material that is also widely available, at a similar cost range.
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Adsorption is more efficient at acidic pH, due to the interactions of the ionic bonds between the amine
groups (NH5") of the adsorbent with the sulfonic groups (SO5) of the adsorbate. Isotherm analysis confirmed
that the adsorption occurs due to chemisorption. The kinetic studies showed that chitosan powder reached
sorption equilibrium in 60 minutes, which is an ideal time frame for industrial scale treatment.

More studies with industrial chitosan powder are encouraged to evaluate its adsorption capabilities
towards other different types of textile dyes or even in dye mixtures. Nevertheless, the use of chitosan pow-
der as adsorbent is recommended for a large-scale treatment of effluents textiles.
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Antibacterial action and target
mechanisms of zinc oxide
nanoparticles against bacterial
pathogens

Carolina Rosai Mendes*>*?, Guilherme Dilarri%5, Carolina Froes Forsan?,
Vinicius de Moraes Ruy Sapata?, Paulo Renato Matos Lopes?, Peterson Bueno de Moraes?,
Renato Nallin Montagnolli*#, Henrique Ferreira® & Ederio Dino Bidoia®

Zinc oxide nanoparticles (ZnO NPs) are one of the most widely used nanoparticulate materials due

to their antimicrobial properties, but their main mechanism of action (MOA) has not been fully
elucidated. This study characterized ZnO NPs by using X-ray diffraction, FT-IR spectroscopy and
scanning electron microscopy. Antimicrobial activity of ZnO NPs against the clinically relevant
bacteria Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and the Gram-positive
model Bacillus subtilis was evaluated by performing resazurin microtiter assay (REMA) after exposure
to the ZnO NPs at concentrations ranging from 0.2 to 1.4 mM. Sensitivity was observed at 0.6 mM

for the Gram-negative and 1.0 mM for the Gram-positive cells. Fluorescence microscopy was used to
examine the interference of ZnO NPs on the membrane and the cell division apparatus of B. subtilis
(amy::pspac-ftsZ-gfpmutl) expressing FtsZ-GFP. The results showed that ZnO NPs did not interfere
with the assembly of the divisional Z-ring. However, 70% of the cells exhibited damage in the
cytoplasmic membrane after 15 min of exposure to the ZnO NPs. Electrostatic forces, production of
Zn?* ions and the generation of reactive oxygen species were described as possible pathways of the
bactericidal action of ZnO. Therefore, understanding the bactericidal MOA of ZnO NPs can potentially
help in the construction of predictive models to fight bacterial resistance.

Nanoparticles (NPs) of metal oxide stand out in the field of antimicrobial compounds by their catalytic inhibi-
tion activity?. However, their bactericidal mechanism of action (MOA) depends on several parameters, such as
their morphology, composition and concentration®*. Zinc oxide (ZnO), magnesium oxide (MgO) and titanium
dioxide (TiO,) are substances recognized as safe when used as food additives or drug deliverers according to
the Food and Drug Administration (FDA 2011) US Code of Federal Regulations (Title 21-CFR 182.8991)°. Zinc
oxide nanoparticles (ZnO NPs) are the most promising inorganic materials that have bactericidal action and
can be found in the composition of pharmaceutical drugs, sanitizers, cosmetics and food packaging processes®.
However, the targets of ZnO NPs in bacteria of clinical importance are not fully understood. Zanet et al.” carried
out experiments using ZnO NPs against the model cell Saccharomyces cerevisiae in order to elucidate the main
MOA, and concluded that the effects of ZnO NPs depend on their composition and dose.

The synthesis of ZnO NPs can be achieved by chemical precipitation®, salt reduction’, sol-gel way based on
an acetate precursor'’, and sonochemical synthesis'!. However, different synthetic pathways yield ZnO parti-
cles with variable morphologies and sizes”'>'*. Thus, their MOA, as well as their interaction with diverse cell
structures, may vary significantly.

ZnO is a transition metal oxide and semiconductor with high binding energy which allows for a highly oxi-
dative character'. This reaction leads to the formation of reactive oxygen species as the pathway of bactericidal
action. In addition, another bactericidal MOA occurs through the release of zinc ions (Zn?*) that damage the
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cell membrane and may interrupt some metabolic pathways'®. Thus, additional studies about the antibacterial
MOA of ZnO NPs can relevantly contribute to the prediction of possible mechanisms of bacterial resistance and
for the optimizing of the contact time and effective inhibition action.

Cell division is a critical process for microbial survival. Among the proteins involved in this process, FtsZ
has a pivotal function in which it serves as a scaffold for the assembly of a multiprotein complex structure, the
divisome, responsible for coordinating all the steps of cell division and cell wall remodeling'®. The protein acts
during cell division as an organizer of the cytoplasmic ring in bacteria and can be considered the main target
of several bactericidal compounds'’. Bactericidal agents act in diverse ways, such as inhibition of FtsZ in the
cell division pathway, and can be identified by cytological profile of cells expressing FtsZ-GFP and observed by
fluorescence microscopy'®.

In this study, the model Gram-positive bacteria Bacillus subtilis (ATCC 19659) and a set of clinically relevant
bacteria Escherichia coli (ATCC 8739), Staphylococcus aureus (ATCC 6538), and Pseudomonas aeruginosa (ATCC
27853) were used to determine the inhibitory concentration of ZnO NPs and to evaluate their effect on the bacte-
ria cytological profile. The focus of the present study was to evaluate the action of ZnO NPs on cell morphology,
chromosome organization, and protein production. Therefore, the cytoplasmatic membrane and other proteins,
such as FtsZ, which forms the scaffold for the divisome, were not included in the spectra of analysis. Bacillus
subtilis FtsZ was used to evaluate any interference in the formation of the FtsZ ring.

Materials and methods

Synthesis of ZnO NPs.  All reagents were purchased from Sigma-Aldrich (Taufkirchen, Germany). ZnO
NPs were synthesized by sonochemical-coprecipitation of 2 mM solution of zinc chloride followed by dripping
it with ammonium hydroxide'. Next, the mixture was heated to 60 °C under continuous stirring until complete
precipitation. The precipitate underwent ultrasonic bath sonicator (USC 1400) for 30 min to obtain NPs, fol-
lowed by vacuum filtration using a 0.22 pm cellulose membrane, washing with deionised water and finally dry-
ing at 100 °C overnight.

Characterization of the synthesized nanomaterial. ZnO NPs were characterized using Fourier
transform infrared spectrophotometer FT-IR (Shimadzu Model 8300), adjusted for scanning at 4000-400 cm™.
For the analysis, a KBr pellet was made with the nanomaterial sample?. Micrographs of ZnO NPs were taken
by Scanning Electron Microscope (SEM)—JEOL JSM-IT100 operated at 30 kV coupled to a Bruker Quantax
Energy Dispersive Detector (EDS), in order to study the morphological characteristics. The samples were coated
with a gold layer by a metalization process before SEM readings. Finally, the crystalline structure of the ZnO NPs
was characterized by X-ray diffraction powder (XRD, PHILIPS, X’ pert-MPD system) using Cu Ka radiation
(A=1.5418 A). The X-ray wavelength was 0.15418 nm and the diffraction patterns were measured in the range
of 20 from 20° to 65°.

Bacterial strain and growth conditions. Escherichia coli (ATCC 8739), Staphylococcus aureus (ATCC
6538), Bacillus subtilis (ATCC 19659), Pseudomonas aeruginosa (ATCC 27853) and the mutant Bacillus subtilis
(amy:pspac-ftsZ-gfpmutl; a gift of Dr. E Gueiros-Filho, IQ, USP, Sdo Paulo, Brazil) expressing FtsZ-GFP were
cultivated in nutrient broth medium (5 g L™ of peptone; 3 g L™! of beef extract; for solid medium was added
15 g L™! of bacterial agar) at 28 °C for 24 h in shaker at 200 rpm. All reagents for cellular growth were purchased
from Himedia Laboratories Ltd. (Mumbai, India).

Antibacterial activity assay. The antibacterial activities expressed as Inhibitory Concentrations (ICs) of
the ZnO NPs were determined by using the Resazurin Microtiter Assay (REMA)*. ZnO NPs at concentrations
between 0.2 and 1.4 mM were placed in 96-well microplates. The strains were inoculated to independent trials
at a final concentration of 10° cells per 100 uL in each well and incubated for 12 h at 30+ 1 °C. Nisin at 5 uyg mL™!
and Kanamycin at 20 pg mL™ from Sigma-Aldrich (Taufkirchen, Germany) were used as reference antibiotic
(positive controls) against Gram-positive and Gram-negative bacteria, respectively. Nutrient broth medium was
used as negative control. After the incubation period, the inhibition of cell growth was measured by the addition
of 0.1 mg mL™! resazurin (Sigma-Aldrich; Taufkirchen, Germany) in each well. In live cells, resazurin is reduced
to resorufin (a fluorescent compound) in the presence of NADH, which indicates cell activity'®. The fluorescence
intensity of resorufin was detected in a plate reader (Synergy HIN1—BioTek, Winooski, VT, USA) set to the
excitation and emission wavelengths of 530 and 590 nm, respectively. The results of this assay were used to plot
the correlation between ZnO NPs concentration and the inhibition of cell growth. Non-linear regression models
were used to derive the IC,, values for each bacterial strain (100% inhibitory concentration).

Effect of ZnO NPs on the membrane integrity. E. coli, P aeruginosa, B. subtilis and S. aureus at 10°
cells were exposed to ZnO NPs at concentrations equivalent to their IC,y, in 100 puL of media for 15 min. Next,
900 pL of phosphate buffer were added to stop the reactions. Next, cells were stained using 0.01 mg mL™ pro-
pidium iodide (PI) and 0.02 mg mL™" DAPI (4,6-diamidino-2-phenylin-dole). DAPI stains the nucleoid of every
cell, whereas propidium iodide (PI) is a nucleic acid dye that penetrates only cells with damaged cytoplasmatic
membranes. Untreated cells were used as negative control, while positive control for damaged membranes was
generated by heat-shock stress (Gram-negative) and Nisin treatment (Gram-positive). B. subtilis (amy::pspac-
ftsZ-gfpmutl) expressing FtsZ-GFP was used to investigate the potential of the compound to interfere with
the divisional septa. The bacterial cells were cultivated in the presence of 0.02 mM Isopropyl B-p-thiogalacto-
pyranoside (IPTG) to induce the expression of FtsZ-GFP from the pspac promoter. Next, 100 uL of the cultures
(adjusted to contain ~ 10° cells) were exposed for 15 min to ZnO NPs at its respective IC,,,. Cells were washed
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Figure 1. XRD power of ZnO NPs.

Lattice parameters | Lattice parameters Volume of unit cell Microstrain
a(A) c(A) claratio | (A% Average crystallite size (nm) | & (x10°)
3.24 5.21 1.608 47.48 82.38 0.47

Table 1. Structural parameters of ZnO crystallite.

with water and resuspended in 100 pL of 0.85% NaCl solution prior to microscope observation'®. Cells were
immobilized onto agarose-covered slides and visualized using an Olympus BX-61 (Tokyo, Japan), equipped with
a monochromatic camera OrcaFlash 2.8 (Hamamatsu, Japan). Images were processed by the software CellSens
version 11 (Olympus). One hundred cells were considered (n=100) per treatment for quantifications.

Results and discussion

Characterization of ZnO NPs.  The XRD peaks were consistent with ZnO crystallite. The analysis showed
no extra peaks, which is due to the purity of the material applied during the synthesis of ZnO NPs. The positions
of the diffraction peaks showed the same pattern found in the Joint Committee on Powder Diffraction Stand-
ards: 36-1451 database (JCPDS).

Figure 1 shows the diffraction peaks of ZnO NPs at (100), (002), (101), (102), (110), (103) which correspond
respectively to the values in degrees (20) at 31.34°, 34.50°, 36.32°, 47.60°, 56.68°, 62.94°. High diffraction peaks
indicated the crystalline nature of the material®’.

Table 1 shows the values of the structural parameters used to calculate the size of the ZnO crystallite by
Eq. (1)?. The high intensity peak at (101) was used to determine the lattice parameters.

[ 0.94
D =
B cosb

] x 100 (1)

where D is the size of the ZnO crystallite; A is the wavelength of Cu Ka radiation at 1.5418 A; 0 is the Bragg dif-
fraction angle, and § is the full width at half maximum intensity of the diffraction peak of the sample.

The crystallite size can be measured more accurately by high resolution X-ray diffraction (HRXRD) using
the Bond method, which increases peak resolution to find the values of the Lattice parameters®***. In this study,
we determined by XRD powder that most synthesized ZnO crystallites are around 80 nm in size. Similar results
obtained through the synthesis of ZnO NPs by sonochemical-coprecipitation were shown by Khataee et al.?>.

The surface appearance and morphology of synthesized ZnO NPs were analyzed by SEM at 29.0 kx. Based
on the images in Fig. 2, the ZnO NP showed complex bead and rod morphology. In addition, the ZnO NPs have
an irregular size with formation of aggregated nanocrystallite.

FT-IR spectra are like molecular fingerprints that provide a valuable insight into chemical structures and
their changes due to interactions with other molecules®. FT-IR analyses detected the characteristic functional
groups associated with the ZnO NPs (Fig. 3). The peak at 575 cm™ corresponds to the stretching/vibration of
the metal-oxygen bond in Zn-O. The peak at 3713 cm™! corresponds to carbon residues identified during the
sample measurement; and 1210 cm™ belongs to the elongation of C-O. Hydrogen bonds are displayed at 1690
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Figure 2. Surface morphology of ZnO NPs by SEM. 2 um scale bar; 29.0 kx magnification.
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Figure 3. FT-IR spectrum of ZnO NPs.

and 2346 cm™!, and they are ascribed to the stretching vibration of hydroxyl compounds. The hydroxyl group
influences photocatalytic reactions in ZnO by generating superoxide radicals, which act as an antimicrobial®®.

Antimicrobial activity. The bactericidal activities of ZnO NPs against E. coli, P. aeruginosa, S. aureus and B.
subtilis were evaluated by monitoring cell respiration. Polynomial regression applied to the dose-response data
was used to extrapolate the IC,y, values, which were expressed as mM. The decrease in cell numbers observed
after treatment is shown in by the plot containing the concentration of ZnO NPs versus the inhibition of cell
growth (Fig. 4).

ZnO NPs inhibited growth of E. coli and P. aeruginosa with IC,,, values of 0.6 mM for both strains. The IC,,
values for B. subtilis and S. aureus were estimated at 0.8 and 1.0 mM, respectively. Gram-negative bacteria have
a thin layer of peptidoglycan between two membranes, which is known to provide antimicrobial resistance®. In
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Figure 4. Antimicrobial activity of ZnO NPs determined by REMA.

addition, dissociated carboxyl groups present in the membranes generate negative charges on the cell surface.
ZnO NPs, on the other hand, have a positive charge, with a zeta potential of + 24 mV?%, As a result of electro-
static forces, damage to the cell membrane occurs due to electrostatic gradient differences across the negative
membrane and the positive charges of the Zn?* ions. Therefore, E. coli and P. aeruginosa died with the lowest
concentration of ZnO NPs. Although the present study did not observe a large difference in the IC values for
Gram-negative and Gram-positive, it is noteworthy that Gram-positive exhibited IC,,, values higher than Gram-
negative. Similar inhibition in Gram-negative bacteria was previously reported by Yusof et al.”, Saqib et al.*
and Zubair and Akhtar’'; however, with slight variations in the IC,,, values due to differences in the synthesis
of the nanomaterial, which yields unique characteristics to each one of them. Overall, the results were close;
however, our study not only investigated the percentage of inhibitory growth, but also the MOA target of ZnO
NPs in clinical strains.

Effect of ZnO NPs on the bacteria cell. Bacterial cell division is a complex and dynamic process, which
starts with the polymerization of the FtsZ protein in order to assemble the divisome, which will guide all the pro-
cesses related to cell division and cell wall synthesis and remodelling®>. FtsZ is the ancestral tubulin conserved
in bacteria, which exerts its function dependent on the nucleotide guanosine triphosphate (GTP)***%. Some
bactericidal compounds act by preventing the GTPase activity of FtsZ, which will inhibit cell division and lead
to cell death!’. In addition, blockage of the cell division process generally leads to cell filamentation, which can
be easily accessed by fluorescence microscopy. Alternatively, by using mutant cells expressing labelled division
proteins, e.g. FtsZ-GFP, one can follow the dynamics of division and study the effects compounds might have
on the process.

B. subtilis expressing FtsZ-GFP was exposed to ZnO NPs at its IC,, for 15 min, and afterwards observed
under the microscope (Fig. 5). Note that even after ZnO NPs exposure, the cells still have intact bars perpendicu-
lar to the long axis of the rods, which is the normal profile for the Z-ring. This cytological profile was comparable
to the control and did not show any disruption of the divisional ring.

The integrity of the membranes of E. coli, P. aeruginosa, S. aureus, and B. subtilis cells was investigated upon
compound exposure using fluorescence microscopy. The results showed the disruption of cytoplasmic mem-
branes in all strains after 15 min of exposure at IC,, (Fig. 6). The filters Tx Red and DAPI Blue were applied
together and used to visualize PI and DAPI. Cells with intact membranes are artificially stained in blue, while
cells with damaged membranes are stained red®. Thus, an increase in red-stained cells by PI is related to the
increase in cell permeability due to damaged membranes.

In this study, all the bacterial species had their cytoplasmic membrane affected within the first 15 min of
exposure to ZnO NPs. Treatment with the compound led to membrane damage in more than 70% of the cells.
These results were expected since the bactericidal activity of ZnO NPs was already known, and its predominant
MOA is associated with the cell membrane'.

ZnO is a transition metal oxide and semiconductor (which belongs to class II-VI) with wide band gap
(3.3 V), there is a general pattern expected. When the radiation has energy larger than the band gap of the
ZnO, electron-hole pairs are formed. Electrons are promoted to the conduction band (CB). The hole generated
in the valence band (VB) gets a strongly oxidizing character and oxidizing sites are created, which are capable
of oxidizing water molecules or hydroxide anions and generate strong oxidizing species"’. This reaction leads to
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GFP/PhC GFP

Figure 5. B. subtilis expressing FtsZ-GFP. (A) Control of cells grown in nutrient medium and diluted to 10°
cells per mL™". (B) Cells after 15 min of exposure to ZnO NPs in the IC,y,. GFP/PhC is the phase contrast
images superimposed on the GFP fluorescence images. Scale bar 5 um; x 100 magnification.

the redox chain reaction with the generation of reactive oxygen species (ROS) formed by hydroxyl radical (OH),
hydroperoxyde radical (HO,") and superoxide radical anion (O, ") as the pathways of bactericidal action®®.

Oxidative stress in the bacterial cell can be induced by ROS generation produced from ZnO NPs, which leads
to the inhibition of protein synthesis and DNA replication'*. In this situation, the ZnO conductivity increases,
close to the “band gap” of the UV-spectrum characterized by high emission energy. The electronic excitation can
destabilize the charges present in the cytoplasmic membrane resulting in their rupture. ZnO can also damage
the cytoplasmic membrane by releasing Zn** ions from the dissolution of ZnO in aqueous solution. The Zn**
ion acts as an inhibitor of the glycolytic enzyme through the thiol group oxidation due to specific affinity for
the sulphur group®.

The MOA reported in this study are represented in schematic drawing shown in Fig. 7.

ZnO NPs can be attached to the surfaces of Gram-positive and Gram-negative bacteria through different
pathways. The teichoic acid in the peptidoglycan layer and the lipoteichoic acid in the membrane are the source
of negative charges in the cell surface. Positive charges from ZnO NPs are attracted to the cell surface by elec-
trostatic interactions, and the difference in electrostatic gradient leads to damage in the cell surface’*®. Teicoic
and lipoteichoic acids act as a chelating agent on Zn?* ions, which are then carried by passive diffusion across
membrane proteins (Fig. 8). Moreover, the bactericidal action can occur by different mechanisms, such as adsorp-
tion in the bacterial surface, formation of different intermediates and electrostatic interactions.

The electrochemical gradient is generated by the movement of hydrogen ions across the cell membrane, which
facilitates the diffusion of metallic ions>®. This mechanism is associated with the size of the material, whose small
particles would have better electrostatic interactions. Thus, the ZnO target for inhibitory action is dependent on
different factors such as concentration, size and time of interaction.

Zanet et al.” showed that ZnO NPs affect the cell morphology and DNA. However, this can be a side effect,
since the main target of ZnO NPs ends up being the first structure they have contact with and consequently act,
such as the cytoplasmic membrane. Siddigi et al."* through SEM and TEM analysis concluded that ZnO NPs
damage the cell membrane, and right after go to the cytoplasm, where they interact with other cell structures.
Our results also showed damage to the cell. Therefore, it can be concluded that ZnO NPs are multi-target com-
pounds and affect several structures of bacteria cells, but their main mechanism of action is in the cytoplasmic
membrane, being other structure effects a consequence/secondary effect after the membrane rupture.
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Figure 6. Fluorescence microscopy in cells stained with DAPI and PI after 15 min of exposure to ZnO NPs.
Cells with intact membranes are artificially stained in blue, while cells with damaged membranes are stained in
red. (A) E. coli (ATCC 8739) cells in nutrient broth medium (negative control); (B) E. coli (ATCC 8739) cells
treated with heat-shock stress (positive control); (C) E. coli (ATCC 8739) cells treated with ZnO NPs at IC,;
(D) P. aeruginosa (ATCC 27853) cells in nutrient broth medium (negative control); (E) P. aeruginosa (ATCC
27853) cells treated with heat-shock stress (positive control); (F) P. aeruginosa (ATCC 27853) cells treated

with ZnO at IC,y; (G) S. aureus (ATCC 6538) cells in nutrient broth medium (negative control); (H) S. aureus
(ATCC 6538) cells treated with nisin at 5 ug mL™" (positive control) (I) S. aureus (ATCC 6538) cells treated
with ZnO at IC,y; (J) B. subtilis (ATCC 19659) cells in nutrient broth medium (negative control); (K) B. subtilis
(ATCC 19659) cells treated with nisin at 5 ug mL™ (positive control); (L) B. subtilis (ATCC 19659) cells treated
with ZnO at IC,. Scale bar 2 pm; x 100 magnification.
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Figure 7. Model of the main bactericidal MOA of ZnO NPs which target the cytoplasmatic membrane and cell
wall.
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Figure 8. Cell model for the main mechanism of bactericidal action of ZnO NPs.
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Abstract Microorganisms are predominantly responsible
for food deterioration, necessitating the sanitization and
removal of these entities from food surfaces. The packing-
house employs free chlorine in the sanitization process; how-
ever, free chlorine’s propensity to react with organic matter,
forming potentially toxic compounds, has led to its restric-
tion or outright prohibition in several European countries.
Therefore, this study aims to assess various washing meth-
ods, emulating packinghouse conditions, utilizing diverse
forms of electrolyzed water to impede microbial proliferation
and significantly enhance the food’s shelf life. The subject
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of investigation was cherry tomatoes. The findings revealed
that electrolyzed water containing NaCl exhibited superior
efficacy compared to electrolysis with Na,SO,. Both forms
of electrolyzed water demonstrated noteworthy effective-
ness in inhibiting microorganisms, resulting in a reduction
of 2.0 Log CFU mL™! for bacteria and 1.5 Log CFU mL™!
for fungi. The electrolyzed water also exhibited a compara-
ble capability to free chlorine in removing fecal coliforms
from the tomato surfaces. Notably, both electrolyzed water
treatments extended the shelf life of cherry tomatoes by at
least three days, accompanied by minimal or negligible resi-
dues of free chlorine. Consequently, the electrolyzed water
formulations proposed in this study present themselves as
promising alternatives to traditional packinghouse sanitizers.

Keywords Cherry tomatoes - Electrolyzed water - Free
chlorine - Microorganism - Shelf life

Introduction

The demand from consumers for fresh, organic, minimally
processed, and chemical-free foods is on the rise, impacting
their availability and supply in grocery stores and markets.
In North America and Europe, the search for and sale of
fresh, organic, and chemical-free foods increased by 90%
(Arbenz et al. 2015; Rahman et al. 2021). Furthermore,
regulations governing the use of various agricultural plant
protection products have become more stringent, aiming to
ensure the safety of these fresh, minimally processed foods.

Fresh, minimally processed, and organic farming foods
pose greater conservation challenges due to the risk of con-
tamination by pathogenic microorganisms, which can com-
promise product quality and, notably, shelf life (Kim and
Song 2017). Particularly, fruits may lose essential properties
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and decay before reaching consumers, rendering even spe-
cific fruits unsuitable for sale (Dilarri et al. 2016). Moreover,
bacteria classified as fecal coliforms, such as Escherichia
coli, can lead to severe foodborne infections in humans, pos-
ing a significant food contamination concern (Martin et al.
2016).

To ensure consumer safety, the post-harvest process
involves the packinghouse, where sanitization and controlled
packaging procedures take place. The primary sanitizing
agent used in most countries is chlorinated compounds, pri-
marily sodium hypochlorite (NaOCl), often at a concentra-
tion of 200 ppm or higher (Weng et al. 2016; Dilarri et al.
2022). However, the continuous application of chlorine and
chlorine-associated compounds raises concerns among pub-
lic health organizations, leading to restrictions on its use or
oversight of chlorine residue on food surfaces (EFSA 2015;
Meireles et al. 2016).

The European Union has introduced a new category,
"Endocrine Disrupters’ (EDs), for sanitizing products
used in foods intended for human consumption. This cat-
egory imposes limits on the maximum chlorate compounds
allowed on fresh fruits (European Commission 2018; Dilarri
et al. 2022). The focus on chlorine residue stems from the
formation of byproducts (trihalomethanes and chloroform)
that are known carcinogens and toxic compounds (Sao José
and Vanetti 2012; Wang et al. 2013; EFSA 2015).

Electrolyzed water results from the electrolysis of a salt
solution, with variations in time and electric current, yield-
ing a water product with diverse properties and compounds.
A broad spectrum of electrolyzed water exists, including
neutral electrolyzed water, acid electrolyzed water, and
alkaline electrolyzed water. Additionally, factors such as
the type of salt utilized (NaCl, Na,SO,, ZnSO,, and CaCl,),
in conjunction with the electrolysis equipment, electric cur-
rent, and electrolysis time, can produce various types of
electrolytic water characterized by distinct properties and
by-products (Rahman et al. 2016; Ampiaw et al. 2021; Zhao
et al. 2021).

The application of electrolyzed water has proliferated
across diverse areas, finding utility in the clinical field of
human health for the elimination of pathogenic microorgan-
isms (Yan et al. 2021), as well as in the preservation and
sanitation of foods (Rahman et al. 2016; Zhao et al. 2021).
Electrolysis processes involving water are also deployed in
environmental applications, such as the removal of dyes
from the textile industry (Setodeh et al. 2021) and the deg-
radation of organic matter present in sewage (Azizi et al.
2015).

The most widely used electrolyzed water involves NaCl,
constituting the most extensively studied electrolysis pro-
cess, given its low cost and high efficiency in microbial elim-
ination. Conversely, electrolysis with Na,SO, has not under-
gone extensive testing in the sanitization and preservation

@ Springer

of food. To date, no study has explored the use of Na,SO, in
food sanitation simulating a packinghouse scenario against
fecal coliforms, such as Escherichia coli.

It is essential to highlight that, unlike electrolysis with
NaCl, which generates free chlorine, electrolysis with
Na,SO, does not produce free chlorine. The antimicrobial
components in electrolyzed water with Na,SO, consist of
reactive oxygen species (ROS), including peroxides, super-
oxide, hydroxyl radicals, singlet oxygen, and alpha-oxygen.
Consequently, aside from its effectiveness in eliminating
microorganisms, it leaves no residue in the food.

The objectives of this study were to evaluate electrolyzed
water with both NaCl and Na,SO, in the sanitization and
preservation of food. Both electrolyzed waters were com-
pared with the traditional NaOCI at 200 ppm used in con-
ventional packinghouses. The electrolysis generated with
both salts underwent characterization and was employed
in immersion wash assays of cherry tomatoes, simulating
a commercial packinghouse. The microorganisms on the
food surface were analyzed both before and after the wash
treatment. Additionally, E. coli was utilized as the fecal coli-
form contaminant evaluated in this study. Observations were
made on the shelf life of cherry tomatoes after the sanitiza-
tion treatment with the two electrolysis methods, and all data
were subjected to statistical analysis to ascertain the efficacy
and differences between the two proposed electrolyzed water
solutions.

Materials and methods
Electrolysis

The electrolysis was conducted using a deionized water
solution of Na,SO, at 0.08 M or NaCl at 0.08 M. The pro-
cess took place in a cell containing titanium (Ti) electrodes
coated with positively and negatively charged TiO, and
RuO,, each with a geometric area of 40.6 cm? for the anode
and cathode. The energy system was connected to an electric
power source generated by the Dawer model FCC-3005D.
A magnetic stirrer was attached to the electrolytic system
for agitation and homogenization of the electrolyzed water
(Dilarri et al. 2016). The setup scheme of the electrolytic
system is illustrated in Fig. S1 of the Supplementary Mate-
rial. All electrolysis procedures were carried out for 3 min
at ] Aand 8.7 V.

Conductivity, temperature, pH, and free chlorine levels of
the produced electrolyzed water were monitored before and
after electrolysis. Conductivity, temperature, and pH were
measured using the Benchtop M 1000 pH/mV/Conductivity/
ISE/DO—Meters by LabForce (Muttenz, Switzerland). Free
chlorine was quantified using the DPD colorimetric method
with the Test Kit Model DL-DPDT by Del Lab (Araraquara,
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Brazil), and the absorbance of the color solution was meas-
ured using the UV-Vis spectrophotometer Shimadzu—
Model 2401-PC (Kyoto, Japan). The electrolysis processes
were executed ten times, with all parameters analyzed and
compared during their generation.

Fecal coliform evaluated

The fecal coliform employed in this study was the Gram-
negative bacterium E. coli (ATCC 8739). Escherichia coli
cells were cultured in a nutrient broth medium containing
5 g L™! of peptone and 3 g L™! of beef extract, supplemented
with 15 g L™! of bacterial agar for solid medium. The culti-
vation was conducted at 35 °C for 12 h in a shaker operating
at 200 rpm. All reagents utilized were sourced from Himedia
Laboratories Ltd. (Mumbai, India).

Food selection and sanitization assays

The vegetable selected for this investigation was the cherry
tomato (Solanum lycopersicum var. cerasiforme). All speci-
mens were directly procured from the producer, bypassing
any sanitization processes in a packinghouse. The cherry
tomatoes were meticulously divided into three distinct
groups, ensuring uniformity in size, weight, and the absence
of punctures or deformities. Rigorous control measures were
implemented to maintain the utmost consistency among the
evaluated groups.

Sanitization assays were conducted with three independ-
ent replicates, each comprising three groups of 10 vegetables
subjected to different treatments. This approach aimed to
establish a robust dataset for subsequent statistical analy-
ses. To mitigate the risk of immediate spoilage, the saniti-
zation assays were performed promptly after the collection
of tomatoes.

Prior to conducting the sanitization assays, wherein the
contamination of tomatoes by E. coli cells was simulated
to mimic fecal coliform contamination, a series of steps
were executed. Initially, E. coli cells were cultured in a
nutrient broth medium until reaching a concentration of
10® CFU mL~!. Subsequently, the medium underwent cen-
trifugation at 6000 X g for 7 min, resulting in the discarding
of the supernatant, and the cells were then resuspended in a
saline solution (NaCl 0.96%). Following this, tomatoes were
spray-inoculated with the E. coli suspension at a concentra-
tion of 10®8 CFU mL™" until the run-off point, after which
they were allowed to air-dry at room temperature for 4 h.

The sanitization tests encompassed the evaluation of four
distinct treatments: Negative Control (NC) utilizing auto-
claved tap water; Positive Control (PC) employing a NaClO
solution (Chemical Abstract Service number 7681-52-9,
purchased from Sigma-Aldrich, Taufkirchen, Germany) with
a concentration of 200 ppm of free chlorine; Treatment 1

(T1) employing electrolyzed water with NaCl; and Treat-
ment 2 (T2) utilizing electrolyzed water with Na,SO,. Sani-
tization assays involved immersion washing in 500 mL of
the respective treatment for duration of 2 min. Subsequently,
the tomatoes were rapidly dried using a non-heated airflow
from a hair dryer for 30 s and then placed into sterile Becker
flasks covered by a porous membrane.

The Becker flasks were maintained at room temperature
(1+26 °C), and individual analyses of vegetable treatments
were conducted every 24 h. The assessments included check-
ing for the state of deterioration based on parameters such
as degree of deterioration, fungus coverage, color, and con-
sistency. Values ranging from O to 4 were assigned, with 0
indicating no change, 1 assigned to changes covering up to
1/4 of the food, 2 to changes covering up to 1/2 of the food,
3 to changes covering up to 3/4 of the food, and 4 to changes
affecting the entire food item. Additionally, the appearance
of each type of vegetable was scrutinized, considering exter-
nal color categorized as alive (A) for foods maintaining their
appearance and dimmed (D) for those that lost their color.

Microbiological analysis

Microbiology analyses were conducted after the food sani-
tization assays. Sterile swabs were employed to sample the
treated foods, and these samples were inoculated onto vari-
ous culture media specified in the present study. Nutrient
Agar (NA) was employed for bacterial growth, while Sab-
ouraud agar, supplemented with 0.15% v/v chloramphenicol,
was utilized for fungal growth. Subsequently, the plates were
incubated for 24 h at 30+ 1 °C for NA media and 72 h at
26+ 1 °C for Sabouraud media. Following the incubation
period, colony-forming units (CFU) of fungi and bacteria
were enumerated for each treatment. Microbiology assays
were conducted immediately after the sanitization process
(time zero) and after twelve days.

A total of 9 plates with NA and 9 with Sabouraud were
made and counted for each treatment evaluated (NC, PC, T1,
and T2). Each treatment in the sanitization assays consisted
of three equal and independent groups, resulting in the uti-
lization of 3 plates of medium for each independent group
and a total of 9 medium plates. Given the presence of three
independent triplicates in the sanitization assays, a cumula-
tive total of 27 medium plates of NA and Sabouraud medium
were assessed for time zero and the final time, respectively.

To confirm and identify the presence of the fecal coli-
form used as contamination (E. coli cells), bacterial colonies
exhibiting growth similar to that of E. coli on agar medium
were subjected to diagnosis by PCR, following the protocol
outlined by Tsen et al. (2002). This approach allows for the
verification of the efficacy of treatments PC, T1, and T2 in
eliminating all E. coli cells. The same was done for the NC,
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seeking to validate the results with the rescue of E. coli cells
from tomatoes surface.

Statistical analysis

All experimental assays were conducted with three inde-
pendent groups, each comprising 10 vegetables per group.
All assays were executed in triplicate and subjected to stand-
ard deviation analysis (SD) (Eq. 1) to assess experimental
errors. All datasets underwent non-parametric statistical
analysis using the Kruskal-Wallis (Dunn) test, with three
degrees of freedom, performed using BioEstat 5.30 software.

N . L\ 2
1 Qie — Qic
N-1 2 ( Qie > M

i=1

SD =

where Qie and Qic (ug mg~!) are experimental and calcu-
lated data, and N is the number of measurements made.

Results and discussion

The results of temperature, conductivity, and pH revealed
clear distinctions between the two types of electrolyzed
water produced in this study and tap water (Table 1).

Tap water exhibited consistent properties in terms of con-
ductivity, pH, and temperature, despite the presence of free
chlorine, which remained at very low levels. The Brazil-
ian water treatment includes a chlorination stage, yet the
concentrations are regulated to ensure that the level of free
chlorine in the water does not exceed 2 ppm for consum-
ers. In contrast, electrolyzed water with NaCl demonstrated
significantly higher levels of free chlorine, potentially exert-
ing antimicrobial effects at this concentration. Additionally,
it displayed an alkaline pH and greater conductivity com-
pared to tap water. These characteristics of electrolyzed
water with NaCl arise from the generation of superoxide
radicals and other antimicrobial agents such as Cl,, C107,
NaClO, HO,, and HOCI (Rahman et al. 2016). Although
the levels of free chlorine generated by NaCl electrolysis
raise health concerns (EFSA 2015; Meireles et al. 2016),
registering 67.15 ppm, this concentration is comparatively
low when juxtaposed with traditional food sanitization in
packinghouses using free chlorine at 200 ppm (Weng et al.

2016; Dilarri et al. 2022). Therefore, the electrolyzed water
generated and applied in this study is unlikely to result in
high concentrations of chlorine residue on the food surface
post-application.

NaOCl is known to be corrosive, posing risks to individu-
als involved in packinghouse or sanitization processes, war-
ranting caution in its use (Sdo José and Vanetti 2012; Dilarri
et al. 2022). However, at the levels of NaOCI produced in
this work, it was deemed safe for use with low corrosive
potential. The NaCl electrolysis proves highly effective in
sanitizing food and is authorized and employed in various
countries worldwide (Gil et al. 2015; Rahman et al. 2016).
Notably, due to the NaCl concentration and electrolysis time,
the generated electrolyzed water with NaCl predominantly
contains a free chlorine amount below 100 ppm and main-
tains a pH value close to neutrality. This aligns with recom-
mendations from the US Environmental Protection Agency
and the United States Department of Agriculture (Hricova
et al. 2008). Therefore, it can be affirmed that the NaCl
electrolyzed water produced in this study is less aggressive
compared to other studied and applied food sanitizers (Gil
et al. 2015; Rahman et al. 2016; Ampiaw et al. 2021; Dilarri
et al. 2021, 2022).

Electrolysis using Na,SO, avoids the generation of free
chlorine, and additionally, it imparts an acidic pH to the
solution owing to the formation of free H, and H* in the
electrolyzed water. Na,SO, electrolysis produces reactive
oxygen species (ROS), including peroxides, superoxide,
hydroxyl radical, singlet oxygen, and alpha-oxygen, all
serving as potent antimicrobial agents that induce damage
to proteins, nucleic acids, and cytoplasmic membranes (Li
et al. 2010; Dharmaraja 2017; Yan et al. 2021). Crucially, the
ROS compounds do not foster resistance or mutations when
applied against microorganisms, presenting an additional
advantage of Na,SO, electrolyzed water (Li et al. 2010;
Dharmaraja 2017).

While the conductivity of both types of electrolyzed
water did not exhibit significant differences, they consist-
ently maintained higher levels than tap water due to the ions
formed. This elevated conductivity may also contribute to an
inhibitory effect against certain microorganisms.

The cherry tomatoes exhibited signs of decay after
8 days, particularly following exposure to tap water wash-
ing (Table 2). Since these vegetables had not undergone any
packinghouse processing or sanitization, their accelerated

Table 1 Physicochemical values of the two kinds of electrolyzed water produced in the present study and the tap water

Free chlorine (ppm) Conductivity (mS cm™h pH Temperature (°C)
Tap water 1.4+0.3 0.8106+0.18 6.02+0.06 23+1.00
Electrolyzed water (NaCl) 67.15+2.1 73.04+0.48 8.02+0.90 33+0.80
Electrolyzed water (Na,SO,) 0 69.88+1.59 4.80+0.66 31+0.78
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Table 2 Classification of the vegetables after the sanitization assay

Cherry tomatoes  Degree of deteriora-  Fungus coverage Consistency Color Kruskal-Wallis (Dunn)
tion

Days NC PC T1I T2 NC PC T1I T2 NC PC T1I T2 NC PC TlI T2 NC PC Tl T2

1 1 1 1 1 1 1 1 1 1 1 1 1 A A A A ns ns n.s n.s

2 1 1 1 1 1 1 1 1 1 1 1 1 A A A A ns ns n.s n.s

3 1 1 1 1 1 1 1 1 1 1 1 1 A A A A ns ns n.s n.s

4 2 1 1 1 1 1 1 1 2 1 1 1 A A A A ns ns n.s n.s

5 2 1 1 1 1 1 1 1 2 1 1 1 A A A A ns ns n.s n.s

6 3 2 1 2 1 1 1 1 3 1 1 2 D A A A ns p>05 p>.05 p>.05
7 3 2 1 2 2 1 1 1 3 1 1 2 D A A A ns p>05 p>.05 p>.05
8 4 3 2 3 4 2 2 2 4 2 2 3 D A A A ns p>05 p>.05 p>.05
9 4 3 3 3 4 3 3 3 4 3 3 3 D A A A ns p>05 p>.05 p>05
10 4 3 2 3 4 3 3 3 4 3 3 3 D A A D ns p>.05 p>.05 ns

11 4 4 3 4 4 4 3 4 4 4 3 4 D D D D ns ns n.s n.s

12 4 4 4 4 4 4 4 4 4 4 4 4 D D D D ns ns n.s n.s

n.s. Not significant

decay is expected. Despite rotting within a week at room
temperature post-tap water washing, it is likely that the
Negative Control (NC) treatment (2 min of immersion in
tap water) merely removed surface dirt and debris without
imparting any sanitizing activity. Notably, during the initial
five days, the NC showed no significant difference compared
to PC, T1, and T2, with distinctions becoming apparent only
on the sixth day (Table 2). Remarkably, by the conclusion
of the 12-day assay, the characteristics of the NC once again
aligned with those of T1 and T2 (Table 2). This outcome
underscores the pivotal role of washing processes in pack-
inghouses, significantly extending the shelf life of foods
(Kaewklin et al. 2018; Belgacem et al. 2021).

After six days of exposure to T1 and T2, cherry tomatoes
exhibited favorable characteristics when compared with the
Negative Control (NC) and Positive Control (PC), being
statistically different from the NC. However, a distinction
emerged between T1 and T2, with T2 manifesting signs of
deterioration, loss of color, and a decrease in food consist-
ency from day eight, indicative of a shorter shelf life com-
pared to T1 and PC. By the tenth day, cherry tomatoes from
T2 had already decayed, displaying all characteristics identi-
cal to those of the NC on the eighth day. While T2 extended
the shelf life of cherry tomatoes by three days (a commend-
able outcome) it remained inferior to T1 and PC. Conversely,
T1 increased the shelf life of cherry tomatoes by four days,
proving more effective than T2 and statistically equivalent
to PC. The color and food consistency of cherry tomatoes,
following sanitization with T1 and PC, began to decline after
the ninth day, attesting to their efficiency in sanitization and
shelf life extension when compared with the NC.

The T1 contained antimicrobial compounds such as
ClO7, HO,, Cl,, HOCI, NaClO, and superoxides, all proven

to be efficient in inhibiting microorganisms and eliminating
them without inducing resistance or mutation (Xuan and
Ling 2019; Kim et al. 2019; Ampiaw et al. 2021). Nota-
bly, C10~, HO,, HOCI, and free chlorine act by damaging
cytoplasmic membrane structures, ultimately leading to
cell death (Dilarri et al. 2021). Consequently, for an organ-
ism to develop resistance to these compounds, mutations in
multiple genes related to the structure of the cytoplasmic
membrane would be necessary, rendering the emergence
of mutants resistant to halogen compounds highly improb-
able. While the specific quantity of electrolysis byproducts
was not identified in this study, the quantification of free
chlorine, along with other parameters such as temperature,
pH, and conductivity, affirms the generation of antimicrobial
derivatives during the electrolysis of T1 and T2.

T2 demonstrated lower efficacy when compared to T1.
Reactive Oxygen Species (ROS) are the primary agents
in electrolyzed water with Na,SO, against deteriorating
microorganisms (Li et al. 2010). These agents are vola-
tile, losing their effectiveness rapidly after electrolysis.
Although the washing experiment was conducted imme-
diately after electrolysis to minimize the loss of antimi-
crobial agents formed in the water, some may have still
volatilized during the immersion washing process, dimin-
ishing the impact of T2 compared to T1. It is essential to
recognize the capacity of certain microorganisms to resist
ROS (Dharmaraja 2017; Ren et al. 2021), thus reducing
the sanitizing effect of T2 and potentially resulting in a
higher number of microorganisms on the food surface even
after treatment. However, T2 demonstrated a significant
extension in the shelf life of cherry tomatoes compared
to the NC, establishing itself as a viable alternative for
the sanitization process in packinghouses to enhance the
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shelf life of vegetables. Another advantage of T2 lies in
its non-generation of chlorine residues or derivatives on
the food surface.

Microbiological assays revealed a significant difference
between the electrolytic treatments and the NC, confirming
that washing with the two types of electrolyzed water led to
a substantial reduction in the number of bacterial colonies on
the food surface. Both T1 and T2 were statistically equiva-
lent to the PC, representing a reduction of 2 Log CFU mL™!
in bacterial numbers in both electrolytic treatments when
compared to the NC (Fig. 1). However, by the final time
point (12 days), the number of bacterial colonies in each
treatment had returned to the levels observed in the NC
(Fig. 1). Surprisingly, even the traditional sanitization with
free chlorine at 200 ppm exhibited statistical equivalence to
the NC after twelve days, implying that it provides a similar
level of protection and microorganism elimination as T1 and
T2.

T

'// T

7,
14— . =
NC T PC

Fig. 1 Microbiological assays depicting bacteria colony numbers fol-
lowing washing treatments: a Bacteria isolation after the wash (time
zero), and b Bacteria isolation at the final assay time (12 days). NC
represents washing with tap water, PC denotes washing with a free
chlorine solution at 200 ppm, T1 corresponds to washing with elec-
trolyzed water with NaCl, and T2 signifies treatment with electro-
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Fig. 2 Microbiological assays displaying fungi colony numbers fol-
lowing washing treatments: a Fungi isolation after the wash (time
zero), and b Fungi isolation at the final assay time (12 days). NC
stands for washing with tap water, PC refers to washing with a free
chlorine solution at 200 ppm, T1 corresponds to washing with elec-
trolyzed water with NaCl, and T2 signifies treatment with electro-
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The fungi isolation results paralleled those of bacterial
isolation, demonstrating a reduction of 1.5 Log CFU mL™".
Although this reduction was less pronounced compared
to bacteria, it still exerted a significant effect on removing
fungi from the surface of cherry tomatoes (Fig. 2). Both
electrolytic treatments were statistically equivalent at both
time zero and after twelve days (Fig. 2). Additionally, there
were consistently more yeast colonies observed than molds
or mycelium fungi on all treatment plates, which constitutes
an intriguing result.

The results of microorganism isolation from the sani-
tization assays during the final storage period indicated a
persistent presence of the microbial population even after
the treatments. This suggests that both the electrolytic treat-
ments and the PC (which are commonly recommended
sanitation agents in packinghouses) predominantly inhib-
ited microorganisms rather than eliminating them entirely
from the surface of cherry tomatoes. Notably, electrolytic
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lyzed water with Na,SO,. Boxes illustrate the data distribution per
treatment, with lines above and below representing the minimum and
maximum values in the datasets; plus signs indicate the averages cal-
culated for each distribution. Asterisks denote statistical differences
among treatments, as determined by Kruskal-Wallis (Dunn) analysis
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maximum values in the datasets; plus signs indicate the averages cal-
culated for each distribution. Asterisks denote statistical differences
among treatments, as determined by Kruskal-Wallis (Dunn) analysis
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water and NaOCl at 200 ppm exhibit limited effectiveness
in eliminating bacterial biofilms (Dilarri et al. 2016; Zhao
et al. 2021; Yan et al. 2021), potentially contributing to the
resurgence of microbial growth towards the end of the food
storage period. Bacterial and fungal spores may also persist
on the food surface, leading to renewed microbial growth
once the antimicrobial compounds have completely volatil-
ized. It is well-known that electrolyzed water is not effective
in eliminating microbial spores (Pintaric et al. 2015).

Moreover, even at time zero (immediately after sanitiz-
ing), isolated microorganisms were detected on the surface
of tomatoes washed with T1, T2, and PC (Fig. S2 of the
Supplementary Material). Since the tomatoes were not kept
in a sterile environment and were exposed to external air,
other microorganisms or microbial spores might have come
into contact with them, simulating real-world market storage
conditions. It’s noteworthy that the byproducts generated
by the electrolysis of Na,SO, exhibit a fast volatilization
effect, resulting in a less sustained residual effect compared
to electrolysis with NaCl or NaOCl at 200 ppm. Electrolysis
with NaCl produces volatile compounds, but free chlorine
persists for a longer duration on the food surface compared
to the products from Na,SO, electrolysis (SO,~ and H*) (Li
et al. 2010; Pintaric et al. 2015; Rahman et al. 2016). This is
supported by the observed increase in the shelf life of cherry
tomatoes by one additional day in T1 and PC compared to
T2. These findings underscore that electrolytic treatments
and NaOClI do not exhibit prolonged residual effects on
microbial inhibition, and microorganisms reemerge once
their biocidal agents have volatilized from the food surface.

The elimination of fecal coliform cells, represented by
E. coli in the present study, was confirmed by PC, T1, and
T2, with a reduction of more than 2 logs of E. coli cells
rescued (Fig. 3). This result is particularly noteworthy given
that the contamination with E. coli involved a saline solu-
tion with 108 CFU mL™!, an excessively high number for
real-life contamination scenarios. Nonetheless, T1, T2, and
PC significantly reduced the bacterial load compared to NC
(3.34 log of CFU mL™"! of E. coli cells), which only involved
a wash with sterile tap water (Fig. 3).

Escherichia coli, as a key fecal coliform and a widely
used bacterial species for analyzing food contamination
(Martin et al. 2016; Kim and Song 2017; Kim et al. 2019),
underscores the food safety aspect of using electrolytic water
of NaCl and Na,SO, for food sanitization, completely elimi-
nating this fecal coliform from the food surface. Although
this study did not analyze other clinical pathogens such
as Salmonella enterica, Salmonella typhi, Staphylococcus
aureus, and Enterococcus faecalis, Kim et al. (2019) dem-
onstrated success in eliminating a range of pathogens with
electrolyzed water. Similarly, Gil et al. (2015) investigated
the application of electrolytic water in the fresh-cut indus-
try and concluded that it is as effective as NaOCl in food

ERERINC
[ PC
77T

| T2

Log CFU mL’

Fig. 3 Escherichia coli cells rescued from the tomato surface after
the sanitization wash of each treatment at time zero. Bars represent
averages of isolated cells. Data showing the same capital letters are
not significantly different from each other based on Kruskal-Wallis
Dunn analysis

disinfection, offering an eco-friendly and non-hazardous
technology.

The present work revealed that many microorganisms
associated with food rot regrew, indicating the persistence
of microbiota in the food even after the sanitization treat-
ments. This phenomenon was also observed in the PC during
the final storage time, emphasizing that the shelf life and
fecal coliform removal evaluated by electrolytic water were
comparable to NaOCl. Consequently, based on the findings
of this study and other investigations (Li et al. 2010; Rahman
et al. 2016; Gil et al. 2015; Kim et al. 2019), it is reasonable
to consider that foods sanitized with electrolytic water are
as safe for consumption as those sanitized by the traditional
NaOCl used in the food industry.

In summary, the electrolysis with Na,SO, and NaCl
has demonstrated efficacy as a viable sanitizer, effectively
reducing a significant quantity of microorganisms and fecal
coliform on the food surface. Moreover, it extends the shelf
life by an additional three days without leaving any residual
free chlorine, a notable advantage considering the increas-
ing demand for food sanitizers devoid of chlorine residue
(EFSA 2015).

It is crucial to recognize that while NaOCl at 200 ppm
remains the most widely employed sanitizer in industrial
settings due to its lower operational costs compared to elec-
trolytic water, the constraints imposed by EU regulations
on endocrine disruptors (EDs) will likely curtail its appli-
cation. This limitation justifies the exploration of alterna-
tives to NaOCl in packinghouses. Notably, water electrolysis
stands out as a technology easily transferrable to large-scale
industries (Chatenet et al. 2022). Many industries are already
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adapting their sanitization processes to comply with strin-
gent regulations regarding chlorine residues. Consequently,
the study’s findings emphasize the comparative aspects of
applying electrolytic water in contrast to NaOCl, revealing
minimal differences that could position electrolytic water as
a viable alternative in packinghouses.

Conclusions

The effectiveness of both electrolytic waters in inhibiting
microorganisms on the food surface, leading to a four-day
extension in the shelf life of cherry tomatoes, has been
established. The inhibitory effects of the evaluated electro-
lyzed waters were transient, with a limited residual impact
on the food surface post-application. It is noteworthy that
a residual microbiota persisted on the food surface even
after the sanitization process, indicating that the effect of
the electrolytic water did not eliminate all microorganisms,
ultimately resulting in the rotting of cherry tomatoes after
12 days. Interestingly, similar results were observed in the
case of the free chlorine solution at 200 ppm.

Both electrolyzed waters also demonstrated significant
reductions in the tested fecal coliforms, with results sta-
tistically equivalent to those achieved with the free chlo-
rine solution at 200 ppm. Consequently, electrolytic water
derived from NaCl and Na,SO, exhibited comparable effi-
cacy to traditional free chlorine sanitation, suggesting it as a
viable alternative to NaClO at 200 ppm for disinfecting fresh
produce in packinghouses.
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The fungus Phyllosticta citricarpa is a quarantine phytopathogen responsible for causing citrus black spot (CBS) disease. To export
fruits to CBS-free countries, they must undergo a sanitation process to ensure disease control. In this study, neem essential oil
(NEO) was tested against P. citricarpa for the first time as an alternative sanitizer. In vitro experiments were conducted to
determine the inhibition concentration of NEO for P. citricarpa, and the mode of action of the essential oil was evaluated. In vivo
assays were performed to simulate the sanitization process used in packinghouses. NEO was characterized by GC-MS/MS. The
results revealed that NEO at 100 uL-mL ™" exhibited a similar inhibitory effect as copper oxychloride, suppressing 89.68 + 1.14% of
fungal mycelium growth. Fluorescence microscopy experiments demonstrated that NEO functions by disrupting the cytoplasmic
membrane of fungal hyphae, leading to their death within 30 minutes of contact with NEO. GC-MS/MS characterization revealed
a high presence of phenolic compounds, which serve as the primary antifungal agents responsible for the action against fungal
hyphae. In vivo assays showed that NEO at 100 yL-mL ™" also reduced microorganisms (CFU mL™") by 93.00 + 3.88% compared to
the negative control. Overall, the results demonstrate that NEO can effectively serve as an alternative sanitizer against P. citricarpa
in citrus packinghouses. Our findings allow future studies to explore the use of NEO for sanitizing other fruits and combating
different phytopathogens to broaden its potential application in fruit sanitation for export.

1. Introduction

The orange fresh fruit, a quintessential agricultural product,
has annual export revenue of approximately 2 billion US
dollars worldwide, rendering it a cornerstone commodity for
major producer countries like the USA, Brazil, and China,

boasting remarkable profitability [1, 2]. Within the USA,
fresh citrus fruits, including oranges, constitute one-fifth of
all fresh fruit consumption, playing a pivotal role in the
American diet [3]. Not only are citrus fruits esteemed for
their flavor but they also harbor significant antioxidant
properties, brimming with phytochemicals and vitamins
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such as Vitamin C, which impart its many health benefits
[4, 5]. However, this agricultural treasure is not without its
challenges; natural phytopathogens inhabit citrus fruits,
compromising their quality for consumption. Citrus is
susceptible to quarantine diseases, imposing restrictions on
their exportation and distribution to consumers. Among
these quarantine diseases, citrus black spot (CBS) emerges as
one of the most formidable adversaries, inflicting substantial
losses upon producers [6, 7]. Phyllosticta citricarpa, the
causative agent of CBS, ravages economically significant
citrus species, precipitating fruit depreciation and orchard
yield diminishment [8, 9]. The lifecycle of P. citricarpa
within citrus orchards is complex, with contamination of
leaves and fruits being commonplace [10, 11]. Notably,
P. citricarpa spores can adhere to citrus fruit surfaces, with
disease symptoms manifesting after approximately 40 days,
although the majority tend to emerge closer between 110 to
200 days [11-13]. Symptoms may only become apparent as
the fruit ripens or during postharvest stages, facilitating
disease dissemination to new regions and countries.
Therefore, it is imperative that countries grappling with CBS
ensure the thorough eradication of P. citricarpa propagules,
including mycelia and spores, from the fruit surfaces ear-
marked for exportation.

The CBS has entrenched itself in the USA and Brazil
[1, 14], both major citrus producing countries. European
Union classified the CBS as Al quarantine phytopathogen
(Phytosanitary Regulations 2019/2072), having a high
control for the citrus fresh fruits exported to their countries
[15, 16]. Therefore, to control the CBS and avoid its dis-
semination to the free disease areas, it is applied fungicides
based on copper to protect the fruits during the period of
susceptibility [17]. Copper oxychloride at 90g-L™" of con-
centration is the mainly recommended copper-based for-
mulation to control CBS [8, 18]. The Brazilian Ministry of
Agriculture, Livestock, and Supply (MAPA) mandates
thorough sanitation of citrus fruits at packinghouse facilities
to ensure the eradication of any lingering phytopathogens
on fruit surfaces [19]. Sanitizing agents utilized in this
process must demonstrate efficacy against the targeted
phytopathogen to guarantee the complete elimination of
disease propagules [1, 19]. The current prevalent sanitation
practice at Brazilian citrus packinghouses involves im-
mersing fruits in a sodium hypochlorite solution at 200 ppm
for a duration of 2 minutes [1]. So far, no study has been
carried out to find a specific sanitizer for P. citricarpa that
still has a residual effect and eliminates other microorgan-
isms present on the citrus surface.

Essential oils have surfaced as a promising alternative
amidst the emergence of novel organic sanitizers, particu-
larly since their approval by the European Union Com-
mission Regulation as suitable sanitizing agents for citrus
fruits [1, 20, 21]. Essential oils are extracted from plant
leaves, while vegetable oils are generally extracted from
seeds. Despite originating from the same plant, essential oils
may exhibit variations in composition owing to their ex-
traction from different plant parts. A myriad of essential oils
has been recognized for their potent antimicrobial prop-
erties on inhibiting microbial cells and biofilms [22]. Most
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notably, Azadirachta indica essential oil, commonly referred
to as neem essential oil (NEO), has demonstrated bacteri-
cidal efficacy against an array of clinical pathogens, in ad-
dition to serving as a natural mosquito repellent for textiles
[23-25]. Neem leaf extract has also high efficacy in limiting
the growth of fungi of the genus Rhizopus [26]. Furthermore,
studies have showcased the antifungal activity of NEO
against postharvest pathogens such as Penicillium expansum,
Monilinia fructicola, and Trichothecium roseum [27]. NEO
harbors a diverse array of therapeutic properties attributed
to alkaloid, flavonoid, saponin, and steroid metabolites
[28, 29]. Active compounds within NEO are categorized into
two principal groups: isoprenoids and nonisoprenoids.
Isoprenoids encompass triterpenoids and diterpenoids, in-
cluding limonoids, gedunin, protomeliasin, and azadiron.
Nonisoprenoid compounds comprise sulfur, proteins,
dihydrochalcone, carbohydrates, glycosides, and poly-
phenols [29]. Neem leaves additionally harbor nimbin,
nimbandiol, 6-desacetylnimbine, nimbanene, nimbolide, n-
hexacosanol, ascorbic acid, nimbiol amino acid, 17-
hydroxyazadiradione, 7-desacetyl-7-benzoylgedunine, and
7-desacetyl-7-benzoylazadiradione [28]. Many of these or-
ganic chemical constituents within NEO exhibit potent
bactericidal and fungicidal properties. Despite NEO’s re-
markable antimicrobial attributes, its efficacy against
P. citricarpa has not been evaluated, nor has it been assessed
as a sanitizer compound for citrus fruits.

Therefore, the aims of the present study were to evaluate
the antifungal effect of NEO against P. citricarpa and its
possible use as a sanitizer agent in citrus fruit packinghouses.
This is a novel research study that has never been conducted
before. In vitro assays were used to determine the inhibition
concentration of NEO for P. citricarpa. The antifungal
molecules present in NEO were identified through GC-MS/
MS analysis, which allowed for a clear understanding of their
mechanisms of action against the P. citricarpa hyphae. In
vivo assays were carried out to simulate a commercial citrus
packinghouse and compare the action of NEO with the
copper oxychloride (the major agent in CBS control),
bringing a novel organic sanitizing agent against CBS for the
citrus fresh fruits market.

2. Materials and Methods

2.1. Essential Oil. The NEO sourced from Laszlo® (Sao
Paulo, Brazil), licensed under N° 160 and a member of the
aromatherapy trade council, was utilized. The NEO was cold
pressed from A. indica leaves, exhibiting approximately 97%
purity extracts.

2.2. Phytopathogen. This study used P. citricarpa (McAl-
pine) van der Aa (synonym: Guignardia citricarpa Kiely)
(32758-ATCC), stored in silica spheres as outlined by Lange
and Boyd [30]. This strain is from the collection of the
Laboratory of Multidisciplinary Sciences, Sao Paulo State
University (UNESP), Rio Claro campus, Brazil. Cultivation
of the fungus occurred on both liquid and solid YPD me-
dium (10g-L™" of yeast extract, 20g-L™" of bacteriological
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peptone, 20 g-L ™" of dextrose, and 15g-L™" of agar for solid
medium) over a 21-day period at 28 + 1°C. All reagents for
cellular growth were acquired from Himedia Laboratories
Ltd. (Mumbai, India).

2.3. Antifungal Sensitivity Assays. The antifungal sensitivity
assays to NEO were carried out by the growth of
P. citricarpa in YPD agar plate, according to the meth-
odology of CLSI AST guidelines [31]. A 10 mm radial
fungal mycelium was placed at the center of an YPD agar
medium plate. Firstly, the medium plates received dif-
ferent concentrations of the NEO before the P. citricarpa
inoculation, where the essential oil concentrations in the
medium were 40, 60, 80, and 100 yL-mL~". The NEO was
diluted in 1% dimethylsulfoxide (DMSO) from Sigma-
Aldrich (Darmstadt, Germany); therefore, for the negative
control (NC), 100 4L of autoclaved deionized water with
1% DMSO was used. The positive control (PC) used in the
experiments was a commercial copper formulation called
Difere®, manufactured by Oxiquimica Agrociéncia Ltda.
(Jaboticabal, Brazil). It contains 350 g-L_1 of metallic
copper and 588 g-L ™" of copper oxychloride. This solution
is commonly used as a fungicide in citrus farming. The
concentration of Difere® used as PC in the present work
was 226.44 gL~ (90g-L™" of copper oxychloride in the
final solution). The area of fungal growth after 21 days at
28+ 1°C was measured using Image] software (open
source), and the graphs were plotted using Origin version
8 (OriginLab Corporation, USA). All antifungal sensi-
tivity assays comprised three replicas and were conducted
thrice. Data validation was performed using the standard
deviation (SD)

4| 1 o~ [Qie-Qic)’ .
SD = N—IZi—1< Qie ) W

in which Qie and Qic are experimental and calculated data
and N is the number of measurements carried out.

2.4. Fluorescence Microscopy Assays. The membrane in-
tegrity of P. citricarpa was evaluated using the Live/
Dead-Cell Viability Kit from Thermo Fisher (Waltham,
USA). Prior to assessment, fungal mycelium was cultured in
YPD broth at 28 + 1°C with agitation at 150 rpm for 10 days.
Then, the mycelium was separated by centrifugation at
4000 x g Force and remained in contact for 30 min with
NEO at the optimal concentration for inhibiting
P. citricarpa, as determined in the antifungal sensitivity
assays. SYTO-9 and propidium iodide (PI) dyes, at a con-
centration of 50 uM each, were employed to stain live
(green) and dead (red) fungal hyphae, which were then
observed under a fluorescence microscope. Fungal myce-
lium was immobilized on agarose-coated slides and exam-
ined using an Opticam O600R fluorescence microscope
(Doral, USA), outfitted with a monochromatic Opticam 12.3
MP camera (Doral, USA). Image processing was conducted
using OPTHD, Opticam software (Doral, USA). These

assays were performed in triplicate, with a minimum of 50
hyphae visualized per analysis.

2.5. Characterization of NEO by Gas Chromatography Tan-
dem Mass Spectrometry (GC-MS/MS). GC-MS/MS analysis
was employed to characterize the antifungal compounds
present in NEO. The analysis was conducted using a Shi-
madzu GC-MS model QP-2010 Ultra gas chromatograph
coupled with a flame ionization detector and mass spec-
trometer (GC-FID-MS) (Kyoto, Japan). A DB-5 fused silica
column (300mm x0.25mm x 1 ym df) was utilized, with
helium gas (1 mL-min~') as the carrier at 89kPa. NEO,
extracted into ethyl acetate, was injected in a 10:1 split ratio
mode. The initial injector temperature was maintained at
210°C for 2 minutes, followed by an increase to 280°C at
a rate of 5°C/min. Electronic ionization at 70 eV and a scan
rate of 0.5 scan/s were applied for sample analysis. MS1 level
spectra processing parameters employing the Wavelet
(ADAP) method were conducted according to Ni et al. [32].
All GC-MS data files (mzData) were processed using
MZmine 2.53 software (open source), according to the
parameters outlined by Elie et al. [33].

2.6. Sanitization of Fresh Fruits. The efficacy of NEO in
eradicating P. citricarpa from citrus surfaces ensures the
elimination of any P. citricarpa propagules, and thus sani-
tization assays mimicking packinghouse conditions were
conducted. Fungal mycelium was cultured in YPD broth for
10days at 28+ 1°C under constant agitation of 150 rpm.
Subsequently, the mycelium was separated via centrifuga-
tion at 4000 x g Force and resuspended in phosphate buffer
(PBS) (137mM NaCl, 27mM KCl, 10mM Na,HPO,,
1.8 mM KH,PO,). For sanitization, fresh Citrus sinensis (L.)
cv. Pera fruits were washed with neutral soap (Wash Fruit
Arud®, Matio, Brazil) at a concentration of 33.5% to remove
debris, followed by drying. The experiment comprised four
independent replicates, with each treatment group con-
sisting of 15 oranges, following the methodology by
Zamuner et al. [21] with modifications. Initially, the fruits
were inoculated with P. citricarpa by spraying 200 mL of
a saline solution (0.87% of NaCl) with 10° spores per mL of
the fungus. The fruits were air-dried at room temperature
(23 £1°C) for 240 minutes and then washed with NEO di-
luted in 1% DMSO at the concentration determined in the
antifungal sensitivity assays. Autoclaved deionized water
with 1% DMSO served as the negative control (NC), while
Difere® at 226.44gL™" (90gL™" of copper oxychloride)
served as the positive control (PC). The washing step
entailed submerging the fruits in each respective treatment
solution for 2 minutes, followed by air-drying (without heat)
for 30seconds to remove excess solution, simulating the
immersion bath and drying process in a citrus packinghouse
[1]. At last, the fruits were incubated for 40 days at 23 +1°C
in a sterile chamber to prevent contamination with other
microorganisms. After the incubation period, the fruits from
each treatment were individually washed in PBS, and 100 yL
of the wash solution was spread on YPD agar plates and
incubated for 21 days at 28 +1°C to facilitate P. citricarpa
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growth and assess complete elimination from the fruit
surface. Microbial counts were conducted, and the data were
subjected to nonparametric statistical analysis using Krus-
kal-Wallis (Dunn) with three degrees of freedom. All
sanitization assays were performed in triplicate with four
independent replicates. Data validation was performed using
standard deviation (equation (1)) to ascertain experimental
errors. Graphs were generated using Origin 8 software
(OriginLab Corporation, USA), while statistical analyses
were conducted using BioEstat 5.0 (open source).

3. Results and Discussion

The antifungal sensitivity assays revealed promising results
regarding the efficacy of NEO in inhibiting the growth of
P. citricarpa (Figure 1). The fungal growth was notably
affected by NEO, with the concentration of 100 uL-mL™" of
the essential oil exhibiting a statistically equivalent in-
hibition to that of copper oxychloride (Figure 1). Further-
more, a concentration-dependent inhibition of P. citricarpa
growth by NEO was observed, resulting in the formation of
a dose-response curve. These findings underscore the
specificity of NEO’s activity, targeting the structural integrity
of the fungal hyphae, rather than exerting a physicochemical
influence akin to that of free chlorine, oxygen-containing
reactive species (ROS), or pH [34]. The absence of a fixed
dose-response inhibition, characterized by decay in in-
hibition relative to lower compound concentrations, is in-
dicative of a physicochemical mode of action, as opposed to
a targeted interaction with a specific cellular site inhibited by
the antimicrobial agent. Khan et al. [35] similarly demon-
strated via growth inhibition curves that neem oil operates
via a specific mechanism against fungal hyphae, corrobo-
rating the outcomes of our study. Notably, Khan et al. [35]
also reported favorable inhibition results using propyl
disulfide from neem oil against Lasiodiplodia theobromae
and Neofusicoccum parvum, with concentrations closely
resembling those employed in our investigation.
Rodrigues et al. [36] similarly documented the inhibition
of Aspergillus carbonarius using neem oil extracted from
seeds, conducting experiments closely aligned with those in
the present study. Rodrigues et al. [36] achieved approxi-
mately 95% inhibition of fungal growth with a concentration
of 3uL-mL™" of neem oil extracted from seeds. In com-
parison, our study employed 100uL-mL™" to achieve
a comparable inhibitory effect to that of copper oxychloride,
resulting in 13.94 + 1.33 cm® of fungal growth area (equating
to 89.68 + 1.14% fungal growth inhibition). It is noteworthy
that the comparatively lower results obtained in our study
may stem from variances in neem oil composition and the
species of fungus utilized, as opposed to those examined by
Rodrigues et al. [36]. Furthermore, we attained a lower
concentration of NEO relative to copper oxychloride at
90 gL', while still achieving equivalent fungal inhibition.
Additionally, Falsini et al. [37] demonstrated significant
fungicidal efficacy with neem oil (extracted from both leaves
and seeds) at a concentration of 1.5% when combined with
a nanoformulation vehicle, thereby augmenting the in-
hibitory effect of neem oil. Despite this enhancement, the
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concentration applied and the hyphae inhibition observed
closely paralleled our findings, substantiating the effective-
ness of pure NEO tested against P. citricarpa in our study.
The utilization of pure essential oil presents advantages in
terms of cost-effectiveness for application in packinghouses
or orchards, albeit requiring higher concentrations for ef-
ficacy. This highlights the importance of further experi-
mentation and suggests the potential viability of utilizing
pure essential oils, offering cost benefits for farmers and
industries alike.

To evaluate the action mechanisms of the NEO, fluo-
rescence microscopy assays were carried out with the Live/
Dead kit. In this method, the entry of propidium iodide into
the cell, staining it red, indicates damage to the cytoplasmic
membrane and subsequent cell death [38]. The results
showed that the P. citricarpa hyphae were directly affected by
the disruption of cytoplasmatic membrane after the contact
with the NEO (Figure 2). NEO exhibited rapid action within
the initial 30 minutes of contact, with approximately 76% of
P. citricarpa hyphae affected by the oil (depicted as red-
stained hyphae) (Figure 2).

The hyphae of the fungal mycelium exhibited a red stain
following exposure to 100 uL-mL™" of NEO, indicating the
targeted effect of NEO on the cytoplasmic membrane of
P. citricarpa. The control group demonstrated intact cell
cytoplasmic membranes (depicted as green hyphae), with no
discernible effect of the vehicle (1% DMSO). Silva et al. [39]
previously correlated the action mechanisms of NEO against
fungi such as Aspergillus flavus and Penicillium citrinum
with cytoplasmic membrane disruption. The findings of our
study align with those of Silva et al. [39], further sub-
stantiating the effect of NEO on the cytoplasmic membrane.
Essential oils, in general, exert their effects on the cyto-
plasmic membranes of fungi, ultimately leading to cellular
cytoplasm lysis [40, 41]. Similar actions have been observed
in bacteria such as Klebsiella pneumoniae [42]. This study
marks the first observation of this action mechanism of NEO
in P. citricarpa, underscoring the novelty of our results.
Identifying the mechanism of action of antimicrobial
compounds is crucial for analyzing potential mechanisms of
resistance in microorganisms. Consequently, understanding
the mechanism of action ensures the safe use of essential oils
against phytopathogenic microorganisms. Based on our
results, it can be inferred that NEO does not select or induce
resistance in P. citricarpa, as developing resistance against
NEO would necessitate multiple genetic mutations in the
hyphae of P. citricarpa to alter the composition and structure
of the cytoplasmic membrane [43, 44].

The NEO characterization was done through GC-MS/
MS. After identifying the different organic compounds
found in NEO, it is possible to determine whether they have
an active role in the antifungal action. Moreover, by per-
forming GC-MS/MS analyses, the organic molecules can be
identified, and it becomes possible to establish a correlation
between the inhibitory mechanisms of action observed in
fluorescence microscopy and the organic compounds
present in the NEO. The mass spectral fragmentation pat-
terns were compared with the National Institute of Stan-
dards and Technology Mass Spectral (NIST4-MS) database.
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FiGure 1: Comparative fungal growth of P. citricarpa, by area measured in the Image] software, after contact with different concentrations of
NEO (40, 60, 80, and 100 uL-mL™"). PC was 90 g-L ™" of copper oxychloride, and NC was deionized water with 1% of DMSO. The photos of
fungal growth of P. citricarpa on YPD agar plates are showed below of the graph, where A is NC; B is PC; C is NEO at 40 yuL-mL™" of
concentration; D is NEO at 60 uL-mL™" of concentration; E is NEO at 80 uL-mL™" of concentration; F is NEO at 100 uL-mL™" of con-
centration. Bars represent the average values of fungal growth area (cm?); whiskers indicate the SD of the mean of three independent
experiments used to verify experimental errors.

Fungi hyphae with permeabilized membrane (%)
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FIGURE 2: Percentage of P. citricarpa hyphae with the permeabilized cytoplasmic membrane. Hyphae with intact membranes are colored
green, while the permeabilized membranes are colored red. The concentration of NEO was at 100 uL-mL ™", and the control was a sterilized
saline solution (NaCl 0.87%) with 1% of DMSO. The pictures showed were at the overlay of Tx Red/eGFP and phase contrast images, with
a magnification of x100. The experiment was performed thrice and at least 50 hyphae were evaluated per experiment (n > 150). Horizontal
bars are the average percentage; whiskers are the average SD for verification of experimental errors.
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FiGure 3: NEO spectral by GC-MS/MS.

The GC-MS/MS spectra displayed bands labeled according
to retention time (RT) of different compounds identified by
molecular weight (Figure 3). To identify the primary
compounds, a table was compiled to provide further elu-
cidation (Table 1).

Four of the primary molecules identified in NEO are
represented in Figure 4, all of which have been associated
with antifungal activity in previous studies [45-49]. Among
the organic molecules observed in the GC-MS/MS analysis,
particular emphasis is placed on 9-octadecenoic acid methyl
ester, which emerges as the predominant compound in
NEO. This compound has been documented as an effective
agent against both fungi and bacteria in prior research
[47, 50, 51]. On the other hand, 9-octadecenoic acid methyl
ester is also a metabolite produced by several fungal species,
and certain fungi have been reported to exhibit resistance to
this compound [47, 52]. Moreover, the action mechanism of
9-octadecenoic acid methyl ester was not completely elu-
cidated, and thus it is not possible to associate the 9-
octadecenoic acid methyl ester with the P. citricarpa in-
hibition or the cytoplasmic membrane disruption.

Several phenolic molecules were identified in NEO
through GC-MS/MS analysis, including syringol, 2,6-
dimethoxyphenol, phenol, and 2,4-bis-1,1-dimethylethyl,
which are present in significant quantities within the NEO
composition (Figure 4). Compounds containing phenol as
the active principle are widely recognized as biocides
[49, 53]. Syringol, 2,6-dimethoxyphenol, phenol, and 2,4-
bis-1,1-dimethylethyl have been previously associated with
antimicrobial ~properties, particularly against fungi
[45, 46, 54, 55]. Despite 9-octadecenoic acid methyl ester
being the predominant chemical compound in NEO, it is
plausible that phenol, 2,4-bis-1,1-dimethylethyl, syringol,
and 2,6-dimethoxyphenol serve as the primary agents re-
sponsible for targeting the cell membrane of P. citricarpa.
Both phenolic molecules are known to increase membrane
permeability, leading to cytoplasm leakage and subsequent
cell death in microorganisms [56, 57].

The 2,6-dimethyl-1,4-benzoquinone was also identified
through GC-MS/MS analysis, marking the fourth molecule
previously associated with antifungal properties found
within NEO [48]. Quinones, including benzoquinones,

TaBLE 1: Compounds identified using GC-MS/MS spectral.

Neem essential oil
Name of compound

RT

9-Octadecenoic acid, methyl ester 15.07
6-Octadecanoic acid 15.41
Syringol, 2,6-dimethoxyphenol 13.90
Methyl stearate 15.21
L-ascorbic acid 2,6-dihexadecanoate 14.23
Oleic acid, (2,2-dimethyl-1,3-dioxolanyl) 5.01
methyl ester ’

Phenol, 2,4-bis-1,1-dimethylethyl 18.49
2,6-Dimethyl-1,4-benzoquinone 10.79

\ N 9-Octadecenoic acid, methyl ester
0
Syringol, 2,6-Dimethoxyphenol
H
CH,
o 2,6-Dimethyl-1,4-benzoquinone
HC 0

Phenol, 2,4-bis-1, 1-dimethylethyl

FIGURE 4: Molecular structure of compounds associated with the
antifungal activity by NEO.

represent a class of aromatic compounds renowned for their
broad-spectrum antimicrobial activity, with applications in
the pharmacological field [49]. Benzoquinones are known to
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inhibit DNA-gyrase, a mechanism of action (MOA) that has
found utility in clinical drugs [58]. DNA-gyrase, a topo-
isomerase present in both prokaryotes and eukaryotes,
emphasizes the broad antimicrobial interest in this class of
molecules. However, due to the significant abundance of
syringol, 2,6-dimethoxyphenol, phenol, and 2,4-bis-1,1-
dimethylethyl compared to 2,6-dimethyl-1,4-benzoquinone,
coupled with their mechanism of action involving cyto-
plasmic membrane permeabilization, it is reasonable to
consider 2,6-dimethyl-1,4-benzoquinone as a secondary
inhibitory agent. If the primary mode of action was through
DNA division or enzymes such as DNA-gyrase, propidium
iodide would be unable to penetrate the cytoplasm and alter
the color of the hyphae in fluorescence microscopy assays.
Thus, the fluorescence microscope, in conjunction with GC-
MS/MS analysis, confirmed the cytoplasmic membrane
disruption effect induced by NEO, with phenolic molecules
identified as the primary agents responsible for inhibiting
P. citricarpa. In summary, while 2,6-dimethyl-1,4-benzo-
quinone and 9-octadecenoic acid methyl ester exhibit cer-
tain inhibitory activity, they do not serve as the primary
agents, instead possibly potentiating the action of phenolic
compounds.

The CBS can appear even during the postharvest phase,
facilitating the spread of the disease to new areas through
transportation and storage. Fungal spores are disseminated
through wind, with symptoms typically appearing approx-
imately 40 days after infection. It is crucial that all propa-
gules of P. citricarpa be eradicated from fruits or any
materials exported to disease-free countries, as outlined by
the European Food Safety Authority [59]. Consequently,
sanitization assays were conducted, and recoveries of
P. citricarpa spores on agar plates after 40 days were per-
formed to assess the efficacy of NEO in removing any spores
or mycelium from fruit surfaces. Figure 5 shows the mi-
crobial counts on agar plates following fruit washing with
each treatment. Sanitization with NEO resulted in a signif-
icant reduction of 91.0+7.35% in microorganisms (log
CFUmL™) compared to the negative control (NC) (Fig-
ure 5). This reduction closely paralleled that achieved with
the copper-based fungicide (PC), with both treatments being
statistically equivalent, thus underscoring the efficacy of
NEO as an alternative for sanitizing citrus fruits in pack-
inghouses. Notably, P. citricarpa was not isolated from the
culture medium in any treatment except for the negative
control, thus affirming the efficacy of NEO in completely
eliminating any propagules of P. citricarpa from citrus fruit
surfaces. Additionally, NEO demonstrated effectiveness in
eliminating various microorganisms present on fruit sur-
taces, which persisted even after washing with neutral soap
solution. This highlights the reduction of microorganisms on
fruit surfaces and, in conjunction with the in vitro results
(fluorescence microscopy and antifungal sensitivity assays),
supports the assertion that NEO is effective in sanitizing
citrus against P. citricarpa and other microorganisms.

It is noteworthy that, to date, no investigation has ex-
plored the use of NEO as a sanitizer for other fresh fruits. Silva
etal. [39] utilized NEO against the fungi Aspergillus flavus and
Penicillium  citrinum, vyielding favorable outcomes in

NEO B

PC B

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
log CFU (mL)

Ficure 5: Colony forming units rescued from the surface of citrus
fruits after the sanitization assays at the final time of 40 days. Bars
represent the averages of rescued cells; whiskers indicate the SD of
the means. Three independent experiments were performed. Data
showing the same letters are not significantly different from each
other based on the nonparametrical statistical analysis of Krus-
kal-Wallis (Dunn), with three degrees of freedom. Negative control
(NC) were fruits washed using sterile deionized water with 1% of
DMSO; positive control (PC) were fruits sanitized with copper
oxychloride at 90g-L™" of concentration; NEO was applied at
100 uL-mL™" of concentration with 1% of DMSO as a vehicle. The
H=56.5859; p<0.05 for NC to PC/NEO; the Z critical value was
equal to 2.394 for all treatments; the Z-score value was 0.8957 for
PC when compared with NEO, and the Z-score value was greater
than 6.00 for NC when compared with PC or NEO.

protecting soybean seeds from these phytopathogens. Simi-
larly, Khan et al. [35] demonstrated the efficacy of neem
extract as an antifungal agent against mango rot phyto-
pathogens Lasiodiplodia theobromae and Neofusicoccum
parvum. These studies closely parallel our own in terms of
results and application, as NEO has not previously been
employed as a sanitizer against P. citricarpa. In addition to the
novel findings presented herein, this study paves the way for
turther exploration of NEO’s potential for sanitizing various
types of fresh fruits and assessing its efficacy against other
citrus phytopathogens. Many plant pathogens are categorized
as quarantine organisms by the EU and other nations, and
with escalating sanitization restrictions coupled with the quest
for eco-friendly compounds, this study presents a viable al-
ternative by proposing the application of essential oils such as
neem for sanitizing exported fresh fruits.

4. Conclusion

The concentration of NEO required to achieve fungicidal
action equal to copper oxychloride was found to be
100 uL-mL~", effectively inhibiting P. citricarpa. Fluores-
cence microscopy analysis demonstrated that NEO exerted
a rapid effect, disrupting the cytoplasmic membrane of the
fungus within 30 minutes of contact, thus representing the
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primary mechanism of action. GC-MS/MS analysis corrobo-
rated these findings, identifying phenolic compounds (syringol,
2,6-dimethoxyphenol, phenol, and 2,4-bis-1,1-dimethyl ethyl)
as the major antifungal agents in NEO. The utilization of NEO
as a sanitizer for citrus fruits has proven highly effective,
significantly reducing the number of microorganisms present
on fruit surfaces after sanitization and effectively eliminating
any remaining propagules of P. citricarpa.

In the future, further research can be conducted on other
citrus fruits such as limes, lemons, tangerines, and grape-
fruit. Additionally, exploration of NEO’s efficacy against
other fruits and microorganisms could expand the avail-
ability of organic alternative sanitizers in the global fresh
produce market.
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Abstract—Lubricant oils are largely responsible for environmental contamination and surfactants can hope-
fully improve the bioremediation process in soils contaminated with this kind of waste. However, to date only
a few studies have elucidated how different surfactants affect the bioremediation process in oil-contaminated
soils using the bioaugmentation technique. Thus, this study aimed to compare the effects of surfactants on
the bioremediation process of waste lubricant oil in soil in association or not with bioaugmentation. Three
biostimulating agents were tested: a chemical detergent, a synthetic surfactant, and a biosurfactant (rhamno-
lipid). The bioaugmentation process with Pseudomonas aeruginosa showed a faster biodegradation activity
with total biodegradation on 181 day after application. The biosurfactant increased the number of microbial
and fungal colonies leading to high biodegradation levels and a quicker treatment with or without the bioau-
gmentation. Bioaugmentation associated with biosurfactant reached 30.43 mg of CO, of production on
181 day (90% of total biodegradation of waste lubricant oil) and reduced soil toxicity to 30%. Therefore,
results showed that the association of biosurfactant and bioaugmentation with P. aeruginosa represents an

ecologically viable strategy for bioremediation of soils contaminated with waste lubricant oil.

Keywords: bioaugmentation, biodegradation, ecotoxicity, petroleum, soil microorganisms, surfactant
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The petrochemical industry is the main energy sec-
tor worldwide. Nevertheless, oil is not renewable and
the sector represents a major threat to the environment
[1]. The automotive sector consumes a significant
portion of refined products from crude oil. In 2017, the
market for lubricant products amounted to roughly
35.7 Mt worldwide [2]. Lubricants have a useful life,
after which they require replacement. Therefore, it is
estimated that 50% of the fresh lubricants consumed
will generate waste lubricant oil every year [2]. The
waste lubricant oil (WL) is more toxic due to increases
of the concentration of polycyclic aromatic hydrocar-
bons after its use in automotive combustion engines
[3] and is also more toxic compared to new oils despite
having a higher biodegradation rate [4]. Moreover, WL
disposed into the environment can react with organic

and inorganic compounds and generate even more
toxic substances [5—7].

Physical-chemical techniques can separate the
contaminant material from environment, but without
partial or total destruction of the waste compound [6].
Hence, the challenge of this techniques is based on its
impracticably to move contaminated soil to a suitable
treatment site. Conversely, biological bioremediation
processes represent a promising clean decontamina-
tion technology, mainly due to their simple use and
low cost [7]. Bioremediation with microorganisms
also considered a safe and ecologically viable method
for several different types of contaminants [8].

Bioremediation using microorganisms allows the
application of diverse techniques to improve the bio-
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degradation of the contaminant, such as bioaugmen-
tation and biostimulation [§—10]. Bioaugmentation is
one of these techniques in which a degrading microor-
ganism added to the contaminated environment pro-
vides the faster biodegradation of contaminants [10].
It also allows the addition of external substances,
which stimulate or boost the metabolism of a spe-
cific microorganism to biodegrade oil contaminants
[10—12].

The hydrophobicity and consequent low bioavail-
ability are major barriers in the bioremediation pro-
cess of environments contaminated with oil and petro-
leum derivatives. Thus, surfactants can increase bio-
availability by several mechanisms, such as
contaminant emulsification, surface tension reduc-
tion, and solubilization by micelles, which promote
the availability of hydrophobic organic matter for bio-
degradation [12—14]. Synthetic surfactants are useful
as agents in emulsification and consequently a conve-
nient tool as a bioremediation agent in oil-contami-
nated environments [14]. However, when a synthetic
surfactant is applied, it can generate changes in the
microbial community and more toxicity for other liv-
ing organisms [15]. An alternative is natural surfac-
tants (biosurfactants) that inferred less impact when
compared to synthetics and may present small differ-
ences in the final biodegradation time of WL [16].

Rhamnolipid is a glycolipid biosurfactant secreted
by Pseudomonas aeruginosa strains in environments
with a high carbon source and low nutrient availability.
This compound has already been described as effective
in oil derivatives biodegradation [17]. P. aeruginosa is
found as an effective microorganism in this process,
mainly by its enzymatic pathways that are already
characterized [18]. However, the bioremediation with
some specific petroleum-derived contaminants, such
as WL, is still not yet evaluated by applying P. aerugi-
nosa associated with distinct surfactants.

Noparat et al. [19] reported the potential use of
biosurfactant from Sphingobacterium spiritivorum for
the biodegradation of WL. In a similar study, Patowary
et al. [20] enhanced the microorganism’s biodegrada-
tion of crude oil present in soil by the application of
the biosurfactant. Bhattacharya et al. [21] studied the
bioremediation of WL using Ochrobactrum sp. C1, but
the authors did not compare neither bioaugmentation
with P. aeruginosa nor surfactants addition in soil.
Hence, more studies are needed to compare synthetic
surfactants with biosurfactants to evaluate the effec-
tiveness in the bioremediation process and ecotoxicity
consequences. Furthermore, original researches with
different microbial species and techniques are
required to fully understand and improve the biodeg-
radation process of oil derivatives.

Therefore, this research aimed to evaluate the bio-
degradation process in soil samples contaminated with
waste lubricant oil. We assessed the biodegradation
activity using the bioaugmentation technique, with
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P. aeruginosa LBI to promote rhamnolipid production
and consequently reduce biodegradation time, associ-
ated or not with different types of surfactants. Ecotox-
icity bioassays with two test-organisms endorse the
bioremediation effectiveness of these treatments.

MATERIALS AND METHODS

Microorganism. P. aeruginosa LBI (Ps) was isolated
and characterized according to Benicasa et al. [22].
Currently, the Ps is stored by cryogenic at —80°C in
the Multidisciplinary Laboratory for Waste Treatment
from the S3ao Paulo State University (UNESP, Rio
Claro, Brazil). The inoculum was reactivated in a
nutrient broth from Neogen® (Lansing, USA) at 28 +
1°C and 200 rpm for 24 h. The bacteria amount was
determined by colony counting on Plate Count Agar
before inoculation and Ps concentration was stan-
dardized in all tests at 1038 CFU/mL.

WL oil and surfactants. The WL was from mineral
origin (Shell® Helix HX5 SAE 15W-50) and collected
from the official disposal sites located in Rio Claro,
Sao Paulo, Brazil.

Surfactants tested were: chemical detergent (CD)
from EcoQuimica® (Brazil); synthetic surfactant
Tween® 80 (SS) from Sigma-Aldrich (USA); and the
rhamnolipid (BS) produced by Ps from soybean soap-
stock using method of Lopes et al. [16]. Their concen-
trations were standardized at 4.0 g/kg soil to ensure
that surfactant does not saturate or promote toxic
effects [23].

Soil. The soil was collected from the Experimental
Garden of Biosciences Institute, Sao Paulo State Uni-
versity (UNESP, Rio Claro, Brazil) at 22°23’45.18” S
and 47°32°49.18” W. It is classified as black soil with a
substrate of pine, coconut fiber, and rice straw, with
10 mm-mesh granulometry, pH 5.60, without the
addition of nutrients and fertilizers.

Firstly, soil samples were sterilized by autoclave
with three cycles of steam and pressure exposure [24].
The protocol followed in plastic bags preparation with
3.0 kg of soil, 100 mL of deionized water and different
WL concentrations to reproduce a contaminated envi-
ronment. Samples C1 and C2 were added with 50 and
100 mL of WL, respectively. The control sample (C0)
followed the same procedures without the addition of
WL. Thus, soil samples remained buried for 21 days at
15 cm in the same Experimental Garden. The bags
were permeable with holes (1.0 mm diameter) to allow
selecting indigenous microorganisms with an enzy-
matic apparatus capable of degrading WL. Soil physi-
cochemical analysis determined the elements and
minerals in soil samples before and after 181 days of
biological treatment.

Respirometry. The monitoring of WL biodegrada-
tion by the microbial activity in soil used the respiro-
metric method of Bartha and Pramer [25]. Respiro-
metric tests (Table 1) were prepared in 14 systems for
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N. Name Composition
System 1 Co 50 g of soil + 12 mL of water
System 2 Cl1 50 g of soil C1 + 12 mL of water
System 3 C1-CD 50 g of s0il C1 + 5 mL of CD + 7 mL of water
System 4 C1-BS 50 g of soil C1 + 5 mL of BS + 7 mL of water
System 5 C1-SS 50 g of soil C1 + 5 mL of SS + 7 mL of water
System 6 Cl1-Ps 50 g of s0il C1 + 2 mL of Ps + 10 mL of water
System 7 C2 50 g of soil C2 + 7 mL of water
System 8 C2-CD 50 g of s0il C2 + 5 mL of CD + 2 mL of water
System 9 C2-BS 50 g of soil C2 + 5 mL of BS + 2 mL of water
System 10 C2-SS 50 g of soil C2 + 5 mL of SS + 2 mL of water
System 11 C2-Ps 50 g of soil C2 + 2 mL of Ps + 5 mL of water
System 12 C2-CD-Ps 50 g of s0il C2 + 5 mL of CD + 2 mL of Ps
System 13 C2-BS-Ps 50 g of soil C2 + 5 mL of BS + 2 mL of Ps
System 14 C2-SS-Ps 50 g of soil C2 + 5 mL of SS + 2 mL of Ps

Soybean based biosurfactant (BS); Soil control (C0); Contaminated soil 1 (C1); and Contaminated soil 2(C2).

each sample C1 and C2 (50 £ 0.1 g) with the addition
of 5.0 mL of P. aeriginoisa inoculum, when necessary.
Surfactants (CD, BS, and SS) varied with the addition
of 2 mL in each respirometric system (Fig. 1), and
control (CO0) presented the same volumes of deionized
water. Accordingly, respirometers were closed and
incubated at 28°C for 181 days. The CO, production
from the biodegradation process was monitored
weekly [26].

All data was submitted to the non-parametrical test
of Kruskal—Wallis (Dunn). Three independent exper-
iments were performed in quadruplicate and analyzed
to verify experimental errors. Graphical presentation
and statistical analyses used the software R-project.

Mathematical modelling. The CO, production data
was adjusted to the mathematical models that best
described the biodegradation process [23]. Hence, the
descriptive data analyses performed from the curves
generated used Wolfram Mathematica 6, Microcal
Origin 8.0, and Systat SigmaPlot 11.

Two different mathematical models used for each
type of CO, production: weekly and accumulated. The
first model for the weekly data was proposed by Mem-
bré et al. [27] and presented in Equation 1. The aver-
age amount obtained in CO0 (2.709 mg of CO,) referred
to the time estimated to complete biodegradation
(BRminT).

o[l (Gl o

where: B is the CO, production (mg); K1 and K2 are
the constants of increases and decreases of CO, pro-
duction, respectively; 7 is in time (h); and m1 and m?2

are the rates of increases and decreases of CO, (mg),
respectively.

Another adjusted model was an adaptation of the
logistic equation proposed by Schmidt et al. [28] as in
Equation 2, which predict the maximum accumulated
CO, production by microorganisms in the biodegra-
dation process.

B= Bmax/ (1 + {M} e_”j, )
Bo

where: Bmax is the maximum CO, production (mg);
Bois the initial CO, production; and ris the maximum
production rate constant (mg).

Microbial quantification. The quantification of
microbial populations in soil samples was evaluated by
CFU during the initial time and after 181 days of bio-
degradation. Methodology followed traditional Pour
Plate method in five replicates with serial dilution of
each soil sample in 0.85% NaCl and inoculation on
Plate Count Agar from KASVI® (Brazil) for bacteria
and the Sabouraud agar from KASVI® (Brazil) with
0.4 g of chloramphenicol for fungi. Petri dishes were
incubated at 32°C for 48 h for bacteria and at 28°C for
168 h for fungi.

Ecotoxicological bioassays. Ecotoxicological bioas-
says evaluated the phytotoxicity effect of soil contam-
inated with WL before and after 181 days of biodegra-
dation. Seeds of Lactuca sativa and FEruca sativa were
used as test organisms. This bioassay evaluates seed
germination and plant development after seeds con-
tact with solubilized soil samples [29]. Seeds used
from TopSeed® (Brazil) were free of agrochemicals.
The tests were carried out following the methodology
described by Mendes et al. [29].
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Fig. 1. Schematic illustration of experimental setup of biodegradation analysis.

Negative (NC) and positive (PC) controls prepara-
tion used 25 g of soil without WL and with the addition
of 1 mL of sterile mineral water for NC or 1 mL of zinc
sulphate (0.05 M) for PC. The germination percentage
(%G) and the percentage of root growth > 0.1 mm
(%R) in relation to NC determined the Germination
Index (GI). For results presentation, 2D mathemati-
cal contour plotted to optimize the visualization of GI
results with R-project software [30].

RESULTS

Physicochemical characterization of soil. Macronu-
trients, micronutrients, heavy metals, and other ele-
ments were determined for soil samples in initial and
final times (Tables 2 and 3). There was a reduction in
phosphorus (P), magnesium (Mg), sulphur (S) and
calcium (Ca) concentrations during the experiment.
After 181 days, nitrogen (N) levels decreased when
applied chemical detergent (C2-CD) and synthetic
surfactant (C2-SS).

Initially, control soil (C2) had 0.01, 0.90 and,
26.60 mg/kg of Fe, Mn and Zn, respectively. The
reduction in Ni levels from 13.70 to values below
0.13 mg/kg represents almost 100-fold concentration
decrease in soil, and it is known that this metal pres-
ence activates some metabolic pathways of hydrocar-

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 60

bon degradation [31]. The Pb levels also decreased in
all soil samples with Pseudomonas inoculation (Ps)
and S concentration had a significant reduction after
the bioremediation process (Table 3). However, some
micronutrients had an increase after biological pro-
cess, possibly due to the microbial sensitivity to WL.
Finally, V, Cr, B, Cu and Na did not show any signif-
icant differences after 181 days.

Respirometry. Figure 2 presents the CO, rate pro-
duced weekly in relation to biodegradation time and
the blank soil without WL (C0) showed the lowest
microbial activity with an average of 2.71 mg CO, per
week. This soil sample presented only the indigenous
microbiota and low organic matter content, which
reflected on its low respiration rate.

Systems with a lower WL concentration (C1) were
used as control tests for surfactants (BS, CD, and SS),
since their purpose was to prepare the inoculum by a
prior selection of soil microbiota. C1 treatments pro-
duced between 4.47 and 5.10 mg CO, per week
(Fig. 2), whose impact of surfactants was small. How-
ever, the bioaugmentation technique (C1-Ps)
increased CO, production to 11.06 mg per week.

Surfactants also showed different responses regard-
ing biodegradation. WL biodegradability was lower
without surfactants, except with the CD. Compared
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Table 2. Macronutrient contents and physicochemical parameters in soil samples at the initial (zero) and final time (181

days of biodegradation)

Macronutrients Physicochemical parameters

System P, Ca, Mg, Negtar» | SB, CEC, Ciotal,| OM,

3 3 3 pH 5| V% ’ 3

mg/dm° | mmole/dm® | mmole/dm % % mmole/dm % |g/dm
Initial C2 4.0 5.0 1.0 0.040 | 6.2 | 5.8 10.2 60.9 | 0.2 | 5.0

time

Final C2 3.0 4.2 0.5 0.011 52 | 6.1 14.3 36.6 | 0.2 | 34
time C2-CD 2.0 5.1 0.5 0.010 6.2 | 59 16.3 38.1 | 0.2 | 3.4
C2-BS 4.0 4.4 0.4 0.017 52 | 5.8 16.3 320 | 0.2 | 34
C2-SS 2.0 4.7 0.6 0.010 6.2 | 5.7 16.3 383 1 03] 5.2
C2-Ps 2.0 4.7 0.5 0.014 6.2 | 5.7 16.3 38.1 | 0.3 | 5.2
C2-CD-Ps 3.0 4.1 0.5 0.021 52 | 57 14.3 364 | 0.3 | 5.2
C2-BS-Ps 2.0 4.5 0.4 0.013 52 | 57 15.3 341 | 0.3 | 3.4
C2-SS-Ps 2.0 3.8 0.4 0.014 5.1 5.8 15.2 339 103 | 34
C2-BS-Ps 2.0 4.5 0.4 0.013 52 | 57 15.3 341 | 0.3 | 3.4

SB—sum of basis, CEC—cation exchange capacity, V'%—base saturation, C,,,—total carbon, OM—organic matter.

Table 3. Micronutrients, heavy metals and other trace elements in soil samples at the initial (zero) and final time (181 days

of biodegradation)
Micronutrients Heavy metals and others elements
System Na Fe Mn Cu Zn B Cr Pb Ni S A\
mg/dm? mg/kg

Initial |C2 3.00 0.01 0.90 0.30 26.60 | 0.07 1.00 3.90 13.70 | 228.8 | 4.90

time

Final C2 4.00 3.94 5.12 0.16 37.2 0.10 0.83 1.55 0.11 12.0 3.80

time C2-CD 3.00 5.40 4.56 0.16 38.8 0.09 1.00 1.45 0.15 18.0 3.00
C2-BS 3.00 9.80 4.62 0.17 46.2 0.11 0.87 1.38 0.15 14.0 3.70
C2-SS 4.00 13.12 3.26 0.16 44.0 0.10 0.91 1.08 0.13 10.0 3.90
C2-Ps 3.00 13.18 5.91 0.21 53.4 0.09 1.05 1.76 0.19 24.0 2.60
C2-CD-Ps | 3.00 7.06 5.36 0.17 43.6 0.09 0.99 2.93 0.18 22.0 4.00
C2-BS-Ps 3.00 4.40 5.68 0.16 44.2 0.10 0.88 1.32 0.14 16.0 3.70
C2-SS-Ps 2.00 3.52 2.80 0.25 37.4 0.12 0.75 0.88 0.13 14.0 2.80

the C2 systems, C2-CD had a reduction of 32.1% of
CO, production (Fig. 2). Thus, the biodegradation
behaviour in this sample was different from the others
with a continuous reduction in the CO, rate up to the
69 day and then a subsequent increase. The highest
biodegradation rate for C2-CD only occurred after 181
days for all treatments (Fig. 2). This pattern in WL bio-
degradation was also demonstrated in C2-BS with
28.5% less CO, production per week than C2.

The association of bioaugmentation (Ps) to soil
samples with CD and BS demonstrated similar results.
Bacteria inoculation increased the CO, rate by 4.50
and 8.86% for C2-CD-Ps (peak on 25.37 mg CO,) and

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 60

C2-BS-Ps (peak on 30.43 mg CO,), respectively
(Fig. 2). In contrast, the SS showed different degrada-
tion profile with Ps, which average CO, production
was the highest with 22.92 mg.

Similarly, surfactants solutions demonstrated dif-
ferent patterns in WL oil biodegradation in accumu-
lated CO, production (Fig. 3). Higher WL volumes
tended to produce higher CO, rates [23]. This also
showed that the soil microbiota previously selected
was able to metabolize this hydrocarbon compounds.
Blank soil (C0) and samples with low WL concentra-
tion (C1, C1-BS, C1-SS, and C1-CD) showed lower
CO, productions compared to C2 systems. However,
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Fig. 2. Weekly CO, production by incubation time during 181 days: /—C0, 2—CI, 3—CI1-CD, 4—C1-BS, 5—CI1-SS, 6—C1-Ps
(a), 7—C2, 8—~C2-CD, 9—C2-BS, 10—C2-SS (b), 11—C2-Ps, 12—C2-CD-Ps, 13—C2-BS-Ps, 14—C2-SS-Ps (c).

the P. aeruginosa inoculum (C1-Ps) increased the
microbial activity and reached 287.54 mg of CO, after
181 days.

Mathematical modelling. Accumulated CO, pro-
duction over time was also used in the mathematical
modelling [23]. The system curves in Fig. 3 generated
a correlation coefficient that demonstrates the fit ade-
quacy of data to the models. Data adjustment allowed
predicting the expected kinetic behaviour of each res-
pirometric system at their respective CO, evolution
during the biodegradation process. Hence, the axis
that designates incubation time extended to 520 days,
longer than the 181 days (Table 4).

Among weekly CO, production, only CO system
did not fit to the Membré et al. [27] model, possibly
because of the very low and random CO, rate that not
followed an adjustable trend. Furthermore, this
adjustment was inadequate for C2-CD and C2-BS

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 60

systems, which indicated an inconsistent increasing
respiration rate, since infinite amounts of organic
matter would be needed in respirometers. On the other
hand, the modelling showed high correlation values to
data adjustment to other CO, curves (R > 0.73) and
the estimated time for biodegradation completion
(BRminT) was determined, which provided the end of
the process.

The second data modelling followed Schmidt et al.
[28] and its logistic equation allowed to predict the
maximum CO, accumulated rate (Bmax) and the time
when this rate was obtained (BmaxT). Bmax values
were determined when the curve stabilized and a sig-
nificant increase in B parameter no longer occurred.
All systems fit the data modelling and also presented
high correlation values to data adjustment (R > 0.98).

In general, C1, C1-BS, CI1-CD, and C1-SS sys-
tems showed similar adjustments for weekly CO, pro-
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Fig. 3. Accumulated CO, production by incubation time during 181 days: /—C0, 2—C1, 3—C1-CD, 4—C1-BS, 5—CI-SS, 6—
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duction modelling. Biodegradation rates followed the
low WL concentration with R and BRminT of up to
0.6021 and 254 days, respectively. In relation to C2
systems, R-values were greater than 0.7319 (C2-SS-
Ps). Although all these soil samples demonstrated a
higher weekly rate in the first days, a different pattern
was observed in C2-SS. The accumulated CO, showed
a tendency to reduce the production after 100 days,
except for C2-BS, C2-CD and C2-SS. Thus, there
was a preference to a non-linear logistic model of
Schmidt et al. [28] as a linear model would not adapt
accurately. Comparing the Bmax values, there is a
higher expected total CO, production for C2 systems,
with a higher volume of WL; and the blank soil (CO0)
showed the lowest result of 72.22 mg CO, as expected.
Regarding BmaxT, C2 systems with surfactants pre-
sented biodegradation process in shorter periods,
whose results inferred that these substances promoted

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 60

an improvement in the biological treatment of con-
taminated soil.

Finally, the time predicts for each model in Table 4
compared BRminT of weekly rate [27] and BmaxT of
accumulated CO, production [28]. It was not possible
to establish a relationship for C0, C2-CD, and C2-BS
systems. Nevertheless, similarities occurred only for
systems with a lower WL volume (C1, C1-CD, CI-
BS, C1-SS, and C1-Ps).

Microbial quantification. To evaluate the surfac-
tants application and P. aeruginosa inoculation to the
soil, CFU counting was compared for three samples at
initial time (CO0, C1, and C2) and for ten samples after
181 days of biodegradation (Fig. 4). The most abun-
dant group was bacteria, which was 6-fold higher than
fungi in C2 at the initial time (2.00 X 10* and 3.55 X
10> CFU/mL, respectively). At the beginning, Cl
showed high values for the two microbial groups in
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Table 4. BRminT, Bmax, BmaxT and R of mathematical models adjusted to weekly and accumulated CO, production

during 181 days

Weekly Accumulated
System Membré et al. [27] Schimdt et al. [28]
BRminT (days) R Bmax (mg CO,) BmaxT (days) R
Co0 * * 79.216 302 0.9925
Cl 198 0.3481 126.219 283 0.9941
C1-CD 254 0.6021 141.0368 277 0.9926
CI-BS 192 0.5351 140.3919 301 0.9909
CI1-SS 224 0.1951 135.7563 268 0.9963
Cl1-Ps 247 0.8807 289.1593 234 0.9914
C2 352 0.9382 592.2487 240 0.9925
C2-CD * * 638.78 409 0.9970
C2-BS * * 816.35 432 0.9982
C2-SS 454 0.8606 648.614 267 0.9978
C2-Ps 336 0.8933 560.9314 247 0.9892
C2-CD-Ps 440 0.9412 425.863 259 0.9880
C2-BS-Ps S511 0.7808 484.4281 283 0.9890
C2-SS-Ps 445 0.7319 440.2291 277 0.9822

*No data adjustment.

relation to CO; but a small number of CFU observed in
C2 probably due to the WL toxic potential for soil
microorganisms. About the surfactants, rhamnolipid
application presented the highest values for fungi
(24.15 x 103 CFU/mL in C2-BS) and bacteria (100.5 X
10* CFU/mL in C2-BS-Ps). In contrast, soil samples
with CD did not show a large number of microorgan-
isms after the bioremediation process, which indicated
that the chemical detergent may not favoured the soil
microbiota. Many chemical detergents are known for

(a)
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their toxicity and inhibitory effects, mainly effective
against some bacteria species [31—33].

Ecotoxicological bioassays. Ecotoxicity bioassays
evaluated the phytotoxic effect of soil samples before
and after the biodegradation period (Figs. 5 and 6). At
the initial time, C2 had high toxicity with GI values of
1.35 and 1.54% for E. sativa and L. sativa, respectively.
However, the negative effects of ecotoxicity reduced
after 181 days, when Gl increased to 25.53 and 59.93%
in C2 for FE. sativa and L. sativa, respectively. There-
fore, this period of natural attenuation proved its

(b)

0 50 100 150 200 250 300 35
C2—SS‘PS_ T =T T T T T T
C2-BS-Ps|— 1
C2-CD-Ps|_—1-

C2-Ps| 1 o
C2-SS| £
C2-BS[ E
C2-CD [} i
C2 &
cl
coj o
C?] £
Cl ] |3
CO Il Il Il Il Il Il Il é
0 50 100 150 200 250 300 350

Bacterial colonies, 10* CFU/mL

Fig. 4. CFU counting for fungi (a) and bacteria (b) in soil samples at the initial (zero) and final time (181 days of biodegradation).
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Fig. 6. GI (a) and root/hypocotyl ratio (b) in the ecotoxicity bioassays with F. sativa.

effectiveness for WL bioremediation due to the meta-
bolic activity of previous selection of soil microbiota.

Surfactants applications showed a minor effect
when Pseudomonas inoculum was not present. Never-
theless, the bioaugmentation (Ps) promoted a reduc-
tion in the ecotoxicological potential, as demonstrated
for respirometry (Figs. 2 and 3) and CFU counting
(Fig. 4). Although the soil samples without surfactants
showed low GI values (29.8% for L. sativa and 6.51%
for E. sativa), this bacterial inoculation increased GI
up to 84.44% for C2-Bs-PS using lettuce seeds.
Therefore, bioaugmentation represented an important
strategy to improve the bioremediation process [9].

DISCUSSION

The soil physicochemical characterization proved
the effects of biological treatment in soil contaminated
with waste lubricant oil, whose results showed the
reduction of macronutrient and micronutrient con-
centrations (Tables 2 and 3). Iron decrease also indi-

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 60

cated the metabolic activity of bacteria inoculum (Ps)
in bioaugmentation. P. aeruginosa use Fe in different
metabolic pathways inside the cells [33—35], there-
fore, the reduction of Fe levels in soil samples with Ps
is an indicative during the biodegradation process.
Furthermore, a decrease observed in Ni, Pb, and other
metals levels in samples inoculated with Ps highlight
its capacity to remove heavy metals, as P. aeruginosa
has the capacity to adsorb several metal elements [36]
and also was described as a potential microorganism
for heavy metal bioremediation [34—37]. Therefore, it
is possible to associate the reduction of these toxic
chemicals in soil with Ps bioaugmentation. Ni and Pb
represent phytotoxic metals that reduce plant growth,
inhibit root systems, and disturb the photosynthesis
activity, among other dangers [38, 39]. Therefore, the
reduction of their levels in soil samples with P. aerugi-
nosa suggested a natural reduction in the soil phyto-
toxicity, as these metals did not have a negative effect
on the bacterial biodegradation of the lubricant oil.
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In Table 3, one element that stands out is sulphur
due to its high concentration in soil samples with WL.
For C2, its concentration was 228.8 mg/kg at the ini-
tial time, but reduced in all C2 systems to a minimum
of 10.5% (C2-Ps) after 181 days, which demonstrated
that soil samples with BS and Ps had the highest
reduction of S levels. Yin et al. [40] stated that sulphur
concentration within this range could lead to a reliable
environmental indication and prediction of mixed
petroleum-products biodegradation.

According to respirometric analysis (Figs. 2 and 3),
the lowest CO, production (weekly and accumulated)
occurred in systems without surfactants and bioaug-
mentation. Similarly, other studies have reported that
uninoculated samples had the worst biodegrading
conditions, despite the low abiotic weathering of
petroleum compounds [41]. The biosolubilization by
surfactants also boosted significantly the biodegrada-
tion process [23], but with lower CO, production val-
ues when compared to Ps inoculation. Lubricant oils
have highly persistent physicochemical properties, as
these substances are hydrophobic and slightly reactive
[42]. Targeted applications aimed shorter timeframe
for full biodegradation of lubricant oils in soil (=90%)
without causing negative environmental ecotoxicity
[43], and the present study evidenced the biosurfac-
tant as a viable approach.

Nevertheless, the antagonistic effect of CD on bio-
degradation was a novel finding, indicating a possible
toxic effect. Since this compound did not achieve the
desired efficacy and showed less microbial activity, it
suggests a potential for toxicity. Some surfactants, pri-
marily of synthetic origin, exhibit high toxicity for cer-
tain microorganism species, inhibiting their activities
in the soil [44]. Consequently, the addition of chemi-
cal agents may compromise WL biodegradation. Sajna
et al. [45] also reported that most classes of biosurfac-
tants might exhibit toxicity at higher concentrations,
influencing cell surface properties and metabolic
pathways, resulting in decreased biomass content. C2-
CD system exhibited different biodegradation
behaviours and did not conform to the weekly produc-
tion model (Table 4), remaining active for over a year
(409 days). The action of lubricant oil clogging pores
in the soil is assumed to reduce aeration and water
infiltration. There is a debate over whether petroleum
compounds reduce or limit soil permeability, thus,
decreasing biodegradation rates due to oxygen deficit.
Alternatively, surfactants may promote the formation
of substrates previously unavailable by emulsifying and
solubilizing the oil phase, thereby increasing the total
biodegradation time [46]. The ecotoxicological analy-
sis in our study revealed these biodegradation profiles
and their high BmaxT values, confirming the toxic
effect of intermediates in the soil samples [4].

On the other hand, soil samples inoculated with
P. aeruginosa presented WL degradation in the begin-
ning of the experiment as the highest peaks in micro-
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bial activity occurred during the first two weeks
(Fig. 2). The C2-Ps system exhibited the third-highest
CO, production (average of 21.18 mg). The success of
inoculating microorganisms in soils contaminated
with petroleum hydrocarbons is attributed to their
capacity to assimilate these compounds into their
metabolism rapidly. Thus, bioaugmentation rep-
resents a valuable alternative to improving the biore-
mediation process [46—48]. Regarding rhamnolipid,
bacteria inoculation increased the CO, rate by 8.90%
comparing C2-BS and C2-BS-Ps. The biosurfactant
effect on WL biodegradation was positive, as these sys-
tems showed greater microbial activity compared to
C2-CD and C2-CD-Ps. Many parameters, such as oil
manufacturer, sludge concentration, oil susceptibility
to emulsification, and oxygen availability, affect the
microbiological distribution in the oil [49]. The rham-
nolipid belonged to glycosylated fatty acids and accel-
erated the microbial degradation of WL, due to the
enhanced interfacial activity promoted by the biosur-
factant and the bacteria inoculum to facilitate the
hydrocarbon degradation [49].

Kumar et al. [50] conducted a study on the biodeg-
radation of automobile wastewater containing residues
such as WL and isolated P. aeruginosa, performing bio-
augmentation with satisfactory biodegradation results.
Hamzah et al. [51] also demonstrated a higher biodeg-
radation of crude oil with a consortium of microor-
ganisms using P. aeruginosa as the predominant bacte-
rium. Sharma et al. [52] focused on biosurfactant pro-
duction by P aeruginosa using oil residues with
biosurfactants and provided a more effective treatment
for these residues. Therefore, the novelty in our study
lies in the biosurfactants application associated with
P. aeruginosa bioaugmentation in soil, simulating the
biodegradation action in contaminated environment
and proving the efficacy of biological techniques asso-
ciation.

After 181 days, a larger number of bacteria than
fungi suggested that bacteria cells possess a greater
capacity and metabolic pathways to utilize WL as a
carbon source and higher resistance to this contami-
nant. Similarly, Marchand et al. [53] recognized that
bacteria were the most active agents in the degradation
of oil derivatives. Despite a higher biodegradation rate,
WL is more toxic compared to new lubricant oils, even
after treatment with microorganisms [4], due to poly-
cyclic aromatic hydrocarbons (PAH) in its constitu-
tion after use in automobile engines. Picariello et al.
[54] demonstrated that the acute effects of PAH in soil
include shifts in several microbial communities. The
microorganisms isolated before and after all treat-
ments with WL exhibited significant changes, under-
scoring the impact and disturbance caused by WL.
Finally, our study revealed that rhamnolipid was the
most favourable surfactant for microbiota in soil con-
taminated with waste lubricant oil.
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Ecotoxicological bioassays (Figs. 5 and 6) closely
resembled the phytotoxicological data reported by
Zhang et al. [55] using lubricant oil in weathered sam-
ples. These authors noted that lubricant oil induced
damage to the lipid membrane due to high oxidative
stress. Consequently, this led to decreased growth rates
in Bruguiera gymnorrhiza seedlings, as the oil hydro-
phobic properties limited the capacity of seeds to
absorb water and nutrients from the soil.

A comparison between surfactants with inoculum
additions revealed that CD was not ecologically viable
for use in this bioremediation, due to low GI values
even in bioaugmentation (maximum 13.3% for aru-
gula). Ecotoxicity after biodegradation could be linked
to the remaining petroleum hydrocarbons and some
high molecular weight PAH. It is possible that by-
products from the biodegradation contributed to
changes in toxicity; however, these intermediate com-
pounds were not identified in our study through the
analytical procedures. In contrast, the biosurfactant
association with P. aeruginosa showed the highest GI
value, which indicated the lowest ecotoxicity in soil
samples (84.4% for lettuce). Hence, this comparative
analysis sheds light on the potential toxicity suggested
by the respirometry and CFU results when the chem-
ical detergent was used [4]. On the other hand, the
capacity of selected microorganisms to biodegrade
WL and reduce ecotoxicity was confirmed, as depicted
mainly in Fig. 5. In addition, biosurfactant proved to
be an effective alternative for bioremediation in soils
with this hydrocarbon associated or not with bioaug-
mentation.

In our ecotoxicological evaluation, L. sativa exhib-
ited greater sensitivity as evident in Figs. 5 and 6. Con-
sequently, E. sativa did not prove to be satisfactory
alternative species for soil contamination due to its
results were not as representative as those observed
with lettuce seeds. Cruz et al. [5] previously demon-
strated that some vegetable species were inconclusive
as test organisms for ecotoxicological bioassays
involving petroleum derivatives and biodiesel. Fur-
thermore, the innovative contour-plot-based visual-
ization presented as a valuable tool for the depiction
and comprehension of the environmental impact of
variables related to ecotoxicity [30]. This visualization
enhances the presentation and understanding of the
extent of ecotoxicity-related variables, marking a
noteworthy advancement in the field.

CONCLUSIONS

Soil contaminated with WL oil exhibited lower
ecotoxicity after 181 days with P. aeruginosa inocula-
tion and surfactants promoted a significant role in
reducing ecotoxicological potential and stimulating
microbial activity. However, the CD demonstrated
disadvantages when compared to the rhamnolipid,
whose results represent a novel finding in bioremedia-
tion involving bioaugmentation and biosolubilization
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in soil with hydrocarbons. The most effective treat-
ment involved bioaugmentation and the biosurfactant.
Therefore, our results strongly suggest that this biolog-
ical association represents an ecologically viable and
effective strategy for the bioremediation of soils con-
taminated with oil derivatives.
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Abstract Tebuthiuron is a soluble and leachable
herbicide that is highly used in crop fields in Bra-
zil. Therefore, the aim of the present study was the
analysis of the impact of tebuthiuron in the water.
Through Winogradsky columns to replicate an
aquatic environment contaminated with the xeno-
biotic compound, it was evaluated the toxicity of
tebuthiuron in the microorganisms (bacteria, fungi,
and algae). Phytotoxicity tests with Lactuca sativa
seed were also done after eight weeks after the start
of the assays with the columns. It was also carried
out physicochemical characterization of the water
from the columns throughout the experiments. The
results proved that the herbicide did not affect the pH
and the conductivity of the water. The microbiologi-
cal assays showed that tebuthiuron affect directly the
development and the number of cultivated bacteria,
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significantly reducing the number of CFU mL~! and
accelerating the death phase of the bacteria cells.
Chlorophyll A results also confirmed the negative
effect of the tebuthiuron in algae organisms, and the
treatment with the highest concentration of tebuthiu-
ron did not reach chlorophyll A values of the control
even at the end of the eighth weeks of the tests. Even
though diluted in water, tebuthiuron still showed to
be harmful to L. sativa seeds, significantly inhibit-
ing germination and root elongation when compared
to the control. Therefore, it was possible to conclude
that tebuthiuron affects the river and lake environ-
ments, eliminating algae, bacteria, and plant organ-
isms present in this environment.

Keywords FT-IR analysis - Herbicide -
Heterotrophic bacteria - Phytotoxicity - Water
contamination

1 Introduction

Agriculture is one of the most important activities
for human life. In agriculture activities, herbicides
are one of the chemicals applied in the fields with
the aim of eliminating or reduction of weed growth
in crop fields, preventing water and nutrient com-
petition between the plant species. Economic and
population growth is intrinsically associated with
agricultural growth, and consequently, its impacts on
the environment, especially when taking into account
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the constant use of pesticides such as herbicides
(Hedlund et al., 2020). The constant application of
pesticides such as herbicides has also raised impor-
tant questions about how these chemical compounds
affect other living organisms of extreme importance
to the ecosystem, such as bees and the native microbi-
ota of the soil, influencing biological and biochemical
cycles that are important for the environment (Pose-
Juan et al., 2017; Sanchez-Bayo & Goka, 2014). Her-
bicides can also cause damage to human health when
applied in the wrong ways. Many herbicides have
chronic effects on humans due to their exposure to
these chemical substances, some of them were clas-
sified as carcinogenic to humans (Lopes et al., 2022;
van Bruggen et al., 2021). Lopes and Albuquer-
que (2018) review article with 116 papers produced
between 2011 and 2017 pointed out among the harm-
ful effects of pesticides: cellular changes linked to
different types of neoplasia, telomere changes, liver
problems, stomach pains, nausea, abdominal cramps,
hormonal changes, changes in male and female
reproductive  systems, congenital malformations,
in addition to other effects resulting from pesticide
poisoning. Their review article also pointed out that
excessive and bad application of pesticides can cause
impacts on the environment and habitats of many spe-
cies, in addition to the being able of contaminating
water reservoirs, rivers, seas, and river basins through
leakage and leaching processes, thus interfering with
aquatic ecosystems.

Among the different types of herbicides, tebuthi-
uron is one of the most applied herbicides in Bra-
zil. Tebuthiuron has been extensively used in Brazil
and in other countries in important cultivars such

CH,

NH

O

Fig. 1 Chemical structure of tebuthiuron

@ Springer

as sugarcane and soybean (Franco-Bernardes et al.,
2017). The Brazilian Institute of Environment and
Renewable Natural Resources (IBAMA, 2017) reg-
istered sales of tebuthiuron as 3150.86 tons in 2012
and 3952.54 tons in 2014 (Franco-Bernardes et al.,
2017). The chemical structure of tebuthiuron is
shown in Fig. 1, belonging to the chemical group of
the ureas, being sold under the commercial names
of Aval, Butiron, Combine, Graslan, Lava, Perflan,
and Spike. The tebuthiuron is sold in Brazil since
1974 (Oliveira et al., 2011), on the other hand, the
application of tebuthiuron in the European Union is
prohibited (Su et al., 2018). Tebuthiuron is a selec-
tive herbicide, which can be applied pre or post-har-
vest, being absorbed by the roots and accumulated
in the aerial part of the plants (Silva et al., 2018).
Its mechanism of action is in Photosystem II, inter-
rupting the flow of electrons between the Photosys-
tems by binding to the D1 protein, at the coupling
site where the plastoquinone QB would bind, caus-
ing the interruption of CO, fixation and production
of energy molecules such as ATP and NADPH,
(Silva et al., 2018). Among the visible symptoms of
tebuthiuron action is leaf chlorosis, due to the high
energy state of chlorophyll, which leads to a domain
effect where lipids are peroxidized, a process that
once started, has the characteristic of being auto-
catalytic, causing the destruction of chloroplast
membranes and other plant cell structures, causing
a visible leaf necrosis and consequently defoliation
(Silva et al., 2018; Lopes et al., 2022). Due to its
low soil adsorption, tebuthiuron has a high leach-
ing potential, which increases the chances of reach-
ing groundwaters and being transported to other

N—N
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water ecosystems (Almeida et al., 2018; Qian et al.,
2017). Tebuthiuron can also be harmful to phyto-
plankton and macrophytes, bringing a high impact
to all the algae community from an ecological niche
(Dam et al., 2004; Qian et al., 2017). Furthermore,
it is capable of affecting hormone production and
spermatogenesis in fishes, reducing biodiversity,
and harming an entire food chain from an ecosys-
tem (Almeida et al., 2018; Temple et al., 1991). The
toxicity of tebuthiuron is mainly associated with the
cyclic group in its chemical structure, with the -S-
and =N-N=bonds, as shown in Fig. 1. This renders
it a toxic molecule for living organisms, in addition
to becoming recalcitrant (de Lima et al., 2022).

One of the most interesting ways of studying
the environmental impact caused by pesticides is
the Winogradsky column, developed by Russian
microbiologist Sergei Winogradsky around the year
of 1880 (Dworkin & Gutnick, 2012). Winogradsky
column allows for replicating an ecosystem on a
smaller scale and studying biogeochemical cycles,
biodegradation of pollutants, and the interactions of
microorganisms with each other (Sridharan et al.,
2021). It is possible to control a range of conditions
in the experiment related to microbial nutrition and
use of pollutants, checking over time changes in the
microbial community and the possible selection of
adapted microorganisms with the potential biodeg-
radation activity against the xenobiotic molecule
in the environment (Babcsanyi et al., 2017). Even
nowadays, Winogradsky’s column is an interesting
and important tool for microbial diversity analysis
(Abbasian et al., 2015). An observable feature in the
Winogradsky column is the formation of zones with
a greater abundance of oxygen and light at the top,
and anaerobic zones at the bottom, allowing micro-
organisms to occupy different niches according to
their way of life (heterotrophs or autotrophs and
aerobics/facultative anaerobes/anaerobes) (Babc-
sanyi et al., 2017).

Therefore, the aims of the present work were to
analyze the behavior of the aquatic microbiota over
two months of contamination with the tebuthiuron
in the Winogradsky columns. The variation in physi-
cal-chemical conditions, chemical oxygen demand
(COD), community of microorganism, chlorophyll
biomass, and phytotoxicity were evaluated, trying to
elucidate and bring more new data about this impor-
tant herbicide and its impacts on the environment.

2 Materials and Methods
2.1 Winogradsky Columns

Plastic cylinder bottles, with a capacity of 1.5 L and
dried, were utilized as the Winogradsky columns. For
substrate and nutritional sources for the microbiota, it
was utilized 100 g of soil as sediment, collected from
the experimental garden at Sao Paulo State University
(UNESP) campus Rio Claro-SP, Brazil. It was also
added the following minimum basic salts, such as
4.5 g of Na,SO,, 0.2 g of Na,CO;, 0.2 g of K,HPO,,
0.5 g of (NH,),S0,, and 0.5 g of cellulose powder,
allowing the microbiota development in an adequate
environment as described by Sousa et al. (2012). The
water used in the columns was collected from the
Biosciences Institute Lake at Sao Paulo State Univer-
sity (UNESP) campus Rio Claro-SP, Brazil. This lake
did not have any external interference and is rich in
their microbiota. One liter of the lake water was used
in each Winogradsky column.

The pollutant evaluated was tebuthiuron, obtained
from Combine—Proventis LifeScience Industries
Brasil Ltda (Brazil/MAPA registration number
648300) with 500 g L~! of pure tebuthiuron chemical
molecule concentration. The dilutions analyzed were
done at the same concentrations applied in the crop
fields. First, 1 g of the product was diluted into 1 L
of autoclaved deionized water, making a solution con-
taining 0.5 g L™! of tebuthiuron, which was used to
assemble the columns.

Winogradsky columns were assembled with differ-
ent concentrations of the tebuthiuron for each treat-
ment. The control of the test was the column without
the contaminant. For each column treatment where
added a volume of the tebuthiuron solution at 0.5 g
L~!, varying the volume in a range of 100 L to 1500
UL with a total of five different column treatments (T1
with 100 pL; T2 with 250 pL; T3 with 500 pL; T4
with 1000 pL; T5 with 1500 pL). The final volume of
the columns was 1 L. After assembling the column, a
porous net was placed at the top of the columns, pre-
venting the entry of insects but allowing gas exchange
(Supplementary Figure S1). It was set up three col-
umns per treatment, including the control without any
contaminants, and the experiment was carried out
with three independent triplicates. The graphs and the
values of standard deviation were done through the
Origin 8.0 software.
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2.2 Characterization of Tebuthiuron Molecule

These analyses provide the molecular fingerprint
of interest and show their chemical structure and
changes due to interactions with other molecules or
new bonds (Mendes et al., 2021). Tebuthiuron mol-
ecule was characterized by Fourier transform infrared
spectrophotometer FT-IR (Shimadzu Model 8300,
Kyoto, Japan). It was scanned from 4000 to 400 cm™!
wavelenghts with 32 times at a minimum resolution
of 4 cm™!. The KBr pellets were done with the herbi-
cide product used in the present work. In which had a
proportion of 149 mg of KBr (Sigma-Aldrich, Darm-
stadt, Germany) and 1 mg of the herbicide product
evaluated. The pellets were done under preassure of
40 kN/m? for five minutes, as described by Mendes
et al. (2021).

2.3 Conductivity and pH Analysis

One fundamental step of monitoring Winogradsky
columns is the evaluation of their physicochemi-
cal characteristics, as described by American Public
Health Association (APHA) (2017). Therefore, it
was followed the APHA (2017) methodology for the
pH and electrical conductivity evaluation, with the
weekly monitoring and measurement of these param-
eters in each Winogradsky column. For the pH it was
used the Digimed DMPH-2 pHmeter (Digimed, Sao
Paulo-SP, Brazil) and the Tecnopon CA150 conduc-
tivity meter (Tecnopon, Porto Alegre-RS, Brazil),
both equipments were previously calibrated before
the use.

2.4 Microbiological Analysis

For the analysis of microorganisms, it was used the
standard method proposed by the Environmental
Company of Sao Paulo State (CETESB, 2006), where
it is considered the microorganisms that use organic
compounds as carbon sources as heterotrophic bac-
teria and fungi, being present in all types of water,
soil, vegetation, or air. These microorganisms have
the ability to multiply after degrading organic com-
pounds, being an important indicator of the microbio-
logical quality of water in an environment monitor-
ing, being fundamental the quantification of Colony
Forming Units (CFU) per mL of these bacteria and
fungi (CETESB, 2006). Therefore, we followed the

@ Springer

CETESB (2006) L5.201 methods with the isolation
of fungi and bacteria through the pour plate technique
(inoculation into the medium). The culture medium
of plate count agar (PCA) type (Himedia, Maha-
rashtra, India), containing monobasic potassium and
magnesium hexahydrate, was used for bacteria isola-
tion. For fungi isolation, it was used the Sabouraud
agar (Kasvi, Sao José dos Pinhais-PR, Brazil), with
chloramphenicol at 0.15% v/v (Sigma-Aldrich, Darm-
stadt, Germany). Serial dilutions were done by trans-
ferring 1 mL of each respectively Winogradsky col-
umns sample, to the test tube containing sterile saline
solution of NaCl at 0.86% (Kasvi, Sdo José dos Pin-
hais-PR, Brazil). Next, these dilutions were shaken at
200 rpm for 10 min, and 2 mL of it was inoculated
into 18 mL of the culture medium. Then, the plates
were slowly shaken to ensure the spread of microor-
ganism cells. After the agar solidification, the plates
were sealed and incubated for 24 h at 30+1 °C for
PCA media and 72 h at 26 + 1 °C for Sabouraud. CFU
was performed with a mechanical colony counter.
The CFU mL~! values were obtained by multiplying
the CFUs by the degree of performed dilution. It was
used two plates of each medium for each respective
treatment analyzed in Winogradsky columns.

For the algae organisms evaluation, it was analyzed
the chlorophyll A values in each column. The analy-
sis was carried out after eight weeks of treatment (the
end of the experiments). The chlorophyll A was deter-
mined through the UV-Vis spectrophotometer turbid-
ity method, as described by Temple et al. (1991).

All these microorganism assays and evaluations
were also done with three independent triplicates.

2.5 Phytotoxicity Assays

For the phytotoxicity assays were used seeds of Lac-
tuca sativa from the Isla Park® brand (Lot. 21302)
without pesticides, and a germination performance
index of 98% with 100% of purity. The seeds do
not have genetic or transgenic improvement. This
experiment was carried out following the methodol-
ogy described by Pecora et al. (2018), where twenty
seeds were placed in Petri dishes with sterile filter
paper wet with 3 mL of each respective sample to be
tested. Next, plates were sealed and incubated in a
B.O.D. chamber at 21 +1 °C in the dark for 5 days.
After this period, measurements were taken of the
root growth and percentage of seed germination. The
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samples evaluated were the water from each Wino-
gradsky column at the final time of treatment, after
eight weeks, seeking to assess whether there was still
any toxic effect of it after the microbial action. The
negative control (NC) was sterile mineral water, and
the positive control (PC) was zinc sulfate at 0.05 M.
The calculations of the relative germination (Eq. 1)
and relative root longation (Eq. 2) were carried out

using Image] software (Moraes and Bidoia, 2015).
Through these values, it is possible to calculate the
percentage of germination index (GI) (Eq. 3), used
for the phytotoxicity data comparison between each
treatment analyzed. The tests were performed with
three independent repetitions, and submitted to non-
parametric statistical data analisys of Kruskal-Wallis
(Dunn) model through BioEstat 4 software.

Number of seed germinated on sample

Relative Germination (%) = 100
elative Germination (%) Number of seeds germinated on control M

A l ti l

Relative Root Elongation (%) = verage etonga z'on on sampee x 100 2)
Average elongation on control

GI (%) = Relative Germination (%) . Relative root elongation (%) 3)

100
3 Results 3.2 Conductivity and pH Analysis

3.1 Tebuthiuron Characterization

FT-IR was used for the characterization of tebuthiuron
molecule present in the Combine (commercial herbi-
cide solution). The peak at 3348 cm™! in the absorb-
ance spectrum of FT-IR is associated with an N-H
stretch on a primary amine present on the herbicide.
The peak at 2963 cm™' represents a C—H elongation
of an alkane group (Fig. 2). The peak at 1678 cm™
represents a C=O0O stretching in the tebuthiuron
molecule, while the high peaks at 1314 cm™' and
1214 cm™! represent a C=N bond stretching into
the aromatic amine of tebuthiuron (Fig. 1), being the
main chemical structure that makes tebuthiuron recal-
citrant in the environment. The peaks at 1425 cm™
and 1098 cm™ are associated with a secondary alco-
hol, that is part of the Combine formula, with the first
representing an —O—H bending and the second being a
—C-O stretch (Fig. 2). The small peak of 763 cm™ is
associated with a monosubstituted of -C—H bending.
The analyzed peaks and bands confirmed the integrity
and great presence of the tebuthiuron molecule in the
evaluated herbicide, proving that it is the main agent,
with the highest concentration present in the respec-
tive formulation.

The results showed an increase in the electrical con-
ductivity of the water in all Winogradsky columns,
with stabilization over the 4th week (Table 1). The
first week showed lower values of conductivity, with
a variation between 0.20 to 0.30 mS for all columns.
In the second week, all columns showed a considera-
ble increase in electrical conductivity, with the lowest

Tebuthiuron |

354

3348 1678 .
0 2 1098
2063 ,

254

204 |
|

Absorbance

1,5 ‘

10+
054

|

\ || |

U\L | LNfL
fw “UJ”'

0,0 -

e S e S S B e St SE T

o] T
2800 2400 2000 1600 1200 B0 400
Wanvelenght (nm)

L -
4000 3800

Fig. 2 Characterization of the Combine (agrochemical with
500 g L' of tebuthiuron in its formulation) by FT-IR spectro-
photometry

@ Springer



568 Page 6 of 13

Water Air Soil Pollut (2024) 235:568

Table 1 Weekly quantification of the electrical conductivity as a function of time (mS) in each Winogradsky column treatment

Time (weeks) Control T1 (100 uL) T2 (250 uL) T3 (500 pL) T4 (1000 pL) T5 (1500 pL)
1 0.25+0.03% 0.23+0.04* 0.20+0.04* 0.20+0.10% 0.20+0.05* 0.27+0.03*
2 3.30+0.32*% 3.2940.98* 2.64+0.76% 3.24+0.55% 3.90+1.05* 3.09+0.79%
3 5.93+0.25% 6.04+0.90% 5.41+1.20% 525+ 1.13% 5.87+0.93% 570+ 1.07*
4 6.30+0.48* 6.40+1.08* 6.63+0.55% 6.56+ 1.25% 6.45+1.04% 6.45+1.12%
5 5.57+0.45% 5.64+1.11% 5.90+1.29% 5.85+1.12% 5.65+0.96% 5.77+0.99%
6 5.53+0.57% 5.5241.55% 5.80+1.18% 5.74+1.88% 5.56+0.94*% 5.66+1.15%
7 5.75+0.88* 5.78+1.78*% 5.91+1.09% 5.86+0.94% 571+ 1.10% 5.76+1.81%
8 5.85+1.12% 5.70+1.24% 5.80+1.14% 570+ 1.44% 5.67+0.98% 5.65+1.96*

*means not significant based on One-way analysis of variance (ANOVA) with Tukey’s multiple comparison test. The number of

measurements was 9 (three columns per treatment and three replications)

value being 2.64 mS for the T2 and the highest 3.9
mS for the T4, with the other columns showing val-
ues between 3 and 3.3 mS (Table 1). The conductiv-
ity values doubled after three weeks in relation to the
values from the second week, reaching the peak of
conductivity in the fourth week. In the fourth week,
all columns presented conductivity values above 6.2
mS, especially T2 which obtained the highest value
of 6.63 mS (Table 1). The values also reduced after
the fifth week, with the stabilization at the end of the
experiment, in which the values of the columns were
between 5.65 mS and 5.85 mS (Table 1). With the
standard deviation values and the statistical analysis
of ANOVA for all columns, no significant difference
was observed between the control and the other treat-
ments involving tebuthiuron.

The pH results indicate that the herbicide presence
reduced the sample pH. This reduction was propor-
tional to the herbicide concentration in the respective
sample (Table 2). The control showed a pH value of
7.68 in the first week; on the other hand, the T5 (with

1500 pL of herbicide in the column) showed a pH of
6.05, significant acidification when compared with
the control (Table 2). During the first three weeks of
treatment T35, it’s worth noting that the pH of the col-
umn was statistically different from the control. This
treatment was the only one that showed a significant
change in pH, and this was related to the concentration
of the herbicide used in the treatment. The herbicide
has an acid pH belonging to its formulation and the
tebuthiuron. Since all columns were set up with the
same amounts of nutrients and water collected on the
same day, the only difference between them was the
concentration of the herbicide present in the samples.
Despite this decrease in the first week of the experi-
ment, from the fourth week onwards, the pH values
were very close to 7 for all columns (Table 2). There-
fore, from the fourth week, all the pH was statistically
equal to the control, even the treatment TS5, showing
the activity of the microorganisms present in the sam-
ple after 28 days of contact with the herbicide. It is
also noteworthy that with the exception of TS, none

Table 2 Weekly evaluation of the pH in each Winogradsky column treatment

Time (weeks) Control T1 (100 pL) T2 (250 L) T3 (500 pL) T4 (1000 uL) T5 (1500 pL)
1 7.65+0.61% 6.80+0.22% 6.45+0.42% 6.50+0.41* 6.22+0.21% 6.05+0.50%*
2 7.00+0.50* 6.91+0.29% 6.33+0.74* 6.37+0.92* 7.79+0.75* 6.18 +0.46%*
3 7.14+0.37* 6.78+0.71%* 6.61+0.45% 6.52+0.38* 6.83+0.71% 6.30+0.67**
4 6.90+0.93* 6.79 +0.50%* 6.90+0.55% 6.12+0.90* 6.88+0.84* 6.50+0.20%*
5 6.82+0.77* 6.82+0.66* 7.21+0.38% 6.88+0.51* 6.55+0.59% 6.71 +0.40%*
6 7.35+0.55% 6.88+0.45% 6.96+0.63* 6.83+0.48* 7.11+0.38% 6.90+0.25%
7 7.11+0.42% 7.0+£0.44* 7.30+0.31* 6.88+0.24* 6.90+0.47* 7.06+0.38%
8 6.90+0.33* 7.14+0.30% 7.01+0.80* 7.10+0.77* 7.14+0.70* 7.05+041*

*means not significant and ** means statistical difference from the control based on One-way analysis of variance (ANOVA) with
Tukey’s multiple comparison test. The number of measurements was 9 (three columns per treatment and three replications)
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of the other treatments showed a drop in pH that was
statistically different from the negative control.

3.3 Microbiological Analysis

The results of the microbiological analysis with PCA
medium, focusing on the CFU mL™' of bacterias,
showed that all treatments have the growth phases
demarcated, being possible to identify the log phase,
stationary phase, and death phase in all treatments
(Fig. 3). The treatments also showed a statistical dif-
ference in the time of each phase in the growth curves,
due to the concentration of the herbicide in each sam-
ple (Fig. 3). Following the model proposed by Ram
et al. (2019) it was possible to predict the microbial
growth in the mixed samples of the Winogradsky col-
umns, correlating these values in comparison with the
control (Fig. 3), being able to analyze the influence of
the contaminant (tebuthiuron) in the analyzed micro-
biota. The results showed that the control was statis-
tically different from all treatments in the first week,
with the number of bacteria higher when compared

with the treatments (Fig. 3). However, in the second
and third weeks, the T1 was equal to the control.
T2 reached an equal number of bacterial CFU mL™!
just in the fourth week, being T1 and T2 statistically
equal to the control when compared to the number of
bacterial colonies. From the fifth week, all the treat-
ments and the control reached values of CFU mL ™! of
bacteria close to each other, being statistically equal
between them. The control showed again a significant
difference in the sixth week with a number of bacte-
rial CFU mL~! greater than all other treatments. All
the treatments started the death phase in the sixth
week, with the only exception for the control. After
the seventh week, the control started the death phase.
Highlight for T5, which showed the lowest values
of CFU mL™! of bacteria in the first two weeks, and
again from the sixth week onwards, showing that it
was the treatment with the lowest number of bacte-
rial colonies present in the water. The death phase of
TS was the fastest, occurring in the sixth week, with
a sharp drop in the number of cultivable bacterial
colonies. T3, T4, and TS5 showed the lowest values

W' x CFU mL’

a b .
M .
I ) y =
= T E 1
E E wed
- =) |
-é m.-.’—l—‘ ':c_l w4
5 1 i x4 T
Time (weeks)
d e

W CFUmL"

:-c
=

LA

Tl
Time (weeks)

|l

|

Timbe (weeks)

I

CFU L'

10 =

| NN

Tiame (weehs)

Fig. 3 Graph of microbiological assays with the results of
bacteria colony numbers through the weeks. The control was
the Winogradsky column without herbicide represented by a);
T1 is the column with 100 puL of the herbicide represented by
b); T2 is the column with 250 pL of the herbicide represented
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by ¢); T3 is the column with 500 pL of the herbicide repre-
sented by d); T4 is the column with 1000 pL of the herbicide
represented by e); T5 is the column with 1500 pL of the herbi-
cide represented by f)
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Fig. 4 Graph of microbiological assays with the results of
fungi colony numbers through the weeks. The control was the
Winogradsky column without herbicide represented by a); T1
is the column with 100 pL of the herbicide represented by b);
T2 is the column with 250 uL of the herbicide represented by

of CFU mL™! of bacteria throughout the experiment,
with the lowest colony numbers in the death phase
from the seventh week onwards.

The results of the microbiological assays with Sab-
ouraud agar (with chloramphenicol), proved that the
herbicide Combine (with 500 g L™ of tebuthiuron)
did not affect the fungi community in the Winogradsky
columns (Fig. 4). All treatments were statistically equal
to the CFU mL™! values of the control; whats also

Time {werks)

Time (weeks)

¢); T3 is the column with 500 pL of the herbicide represented
by d); T4 is the column with 1000 pL of the herbicide repre-
sented by e); TS is the column with 1500 pL of the herbicide
represented by f)

proves that the herbicide is not influencing the pres-
ence/growth of the fungi in the columns (Fig. 4).

The algae microorganisms were visualized after
three weeks of treatment in the control, T1, and T2
(Figure S2 from supplementary material). During all
the experiments the values of chlorophyll A between
the control and the treatments T1, T2, T3 and T4 were
statistically equal and did not have any significant dif-
ference when compared to each other (Table 3). On

Table 3 Results of the variation of chlorophyll A concentration (ug mL™") over the time

Time (weeks) Control T1 T2 T3 T4 T5

1 1.42 +0.49% 1.22+0.51%* 1.33+£0.22% 1.40+0.66%* 1.37+0.14%* 1.29+0.44%*
2 2.08 +£0.90* 3.14+0.58% 2.10+0.29% 1.98 +0.33* 2.01+0.50% 1.33+0.18%
3 2.71+0.67* 2.99 +0.80%* 2.91+0.56% 2.44+0.34% 242+0.21% 1.50+0.66**
4 3.67+0.43* 3.90+0.44* 3.88+0.25% 2.60+1.00%* 3.14+0.88% 1.90+0.71%%*
5 4.11+0.87* 4.43+0.66* 431+091%* 3.69 +0.30%* 3.51+0.24% 2.63+0.60%*
6 4.12+0.60* 4.45+0.80* 4.36+0.17* 3.83+0.33* 3.81+0.42% 2.77+0.25%*
7 4.38+0.55* 4.53+0.50* 4.48+0.29%* 3.89+0.50* 4.00+0.19%* 3.33+0.66%*
8 4.63 +0.60* 4.62+0.39* 4.48+0.31%* 4.03+0.27* 4.10+0.25* 3.63 +£0.37%*

*means not significant and ** means statistical difference from the control based on One-way analysis of variance (ANOVA) with
Tukey’s multiple comparison test. The number of measurements was 9 (three columns per treatment and three replications)
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the other hand, TS5 chlorophyll A results showed the
lowest values when compared with all treatments
from the third week of testing (Table 3), proving the
toxic effect of the high concentration of the herbicide
in the algae community. This is the toxicity influence
of tebuthiuron on the algae cells (Temple et al., 1991;
Thomas et al., 2020). The T3 and T4 showed chloro-
phyll A values lower than the control, but they still
have values significantly higher than TS (Table 3).

3.4 Phytotoxicity Tests with L. Sativa Seeds

The results of phytotoxicity assays proved that the
herbicide still had a toxic effect on the seeds even
after eight weeks of treatment in the Winogradsky
columns, especially for the T4 and TS5 (the highest
concentration of the herbicide in the columns). Over
the two months of the experiment, the lowest value
recorded of GI was 31% and 27%, belonging to T4
and TS5 (Fig. 5), respectively. T1, T2 and T3 showed
GI values statistically equal to the control (Fig. 5).
However, only the control was statistically equal to
the NC. NC has 94.65+3.651% of GI, being close
to the control from Winogradsky columns with
89.55+3.88% of GI (Fig. 5). Therefore, all toxicity
of the Winogradsky column water is coming from
the herbicide. The PC of the test was 7.14 +3.169 GI,
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Fig. 5 Germination index (%) of L. sativa seeds after expo-
sure to the water from each column treatment. Data showing
the same capital letters are not significantly different from
each order based on Kruskal-Wallis (Dunn) analysis with five
degrees of freedom

being the test is valid if the NC has at least 90% of
GI and 10% of GI for PC (Mendes et al., 2022). In
this way, the phytotoxicity assays and the statistical
analysis validated our results and proved the toxicity
of herbicide, especially for the concentration in T4
and T5.

4 Discussion

The electrical conductivity corresponds to a high
amount of free electrons in the medium. There-
fore, it is possible to infer that its increase corre-
sponded mainly to the chemical dissociation of ions
in the water, which may have a slight influence on
the metabolic activity of the microorganisms in the
Winogradsky columns. Also, the stabilization in the
conductivity values is related to the stabilization of
the microbial community as this tends to occur after
four weeks in the Winogradsky column (Sousa et al.,
2012). However, with all conductivity values being
statistically equal for all treatments and the control,
it was not possible to relate the increase in the con-
centration of the herbicide with any influence on the
conductivity results obtained.

A similar result was observed in the pH evaluation
throughout the experiment since the only significant
difference was in the treatment TS5, with a more acidic
pH in the first three weeks, due to the herbicide that
has a naturally more acidic pH. However, after the
fourth week, all columns showed pH values close to
neutral and with no significant difference between
each other. Therefore, the pH of the water in the Win-
ogradsky column was not influenced by the herbicide
or the tebuthiuron.

The bacterial community in the analyzed environ-
ment through the Winogradsky column was directly
affected by the herbicide. The treatments with a
higher concentration of tebuthiuron (T3, T4, and
T5) showed the lowest values of CFU mL™'. The T5
in particular, showed the faster death phase of bac-
terial cells in comparison with all other treatments,
reaching this phase after six weeks, although the
other treatments reached this phase just after seven
weeks. Many subproducts from the degradation of
herbicides are more toxic than the original molecule
(Lopes et al., 2022); therefore, maybe some second-
ary metabolites derived from tebuthiuron biodegra-
dation could be influencing the faster death phase
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visualized in T5. The control also supported this
finding of the negative effect of tebuthiuron in the
bacteria community, since the number of CFU mL™!
and the growth of the number of bacterial colonies
through the time from the control are higher than any
treatment with the presence of tebuthiuron. Tebuthi-
uron affected the bacterial community of rhizos-
phere soil (Faria et al., 2018), and was registered as
a persistent residue in the seawater (Mercurio et al.,
2015), affecting all the bacteria community. These
results also confirm the impact of tebuthiuron in the
bacterial community from a lake or river contami-
nated with it.

The slower growth rate of the bacteria colonies
in the sample through the weeks may indicate that
the microorganisms in the columns presented dif-
ficulty to form microbial consortia and degrade the
herbicide, or that there was intense competition for
resources limiting the growth of the microbial com-
munity (Mahlalela et al., 2021). With the exception
of T1, which achieved growth in the number of bac-
terial colonies equal to the control after two weeks,
the other treatments only reached the log phase after
four weeks. These results also indicate a longer adap-
tive lag phase of the microbial community due to
tebuthiuron presence, in particular at the high con-
centration as in T3, T4, and T5. In this case, the pres-
ence of tebuthiuron eliminated certain bacterial spe-
cies and selected those that are able to degrade it or
tolerate the presence of tebuthiuron and its by-prod-
ucts, being this lag phase naturally slower than in an
environment without the herbicide (de Lima et al.,
2022). Overall, the effects of tebuthiuron on hetero-
trophic bacteria findings in this study are similar to
the ones reported by Faria et al. (2018) and Mahla-
lela et al. (2021), where tebuthiuron reduced the
microbial biomass as a whole due to the toxic effect
of the organic compound.

The fungi, in general, were resistant to tebuthiuron,
since there was no significant difference in the number
of colonies of fungi and yeasts isolated in the micro-
biological assays, with all treatments being equivalent
to the control. Even with the maximum concentration
of tebuthiuron used (treatment T5), the number of CFU
mL~! and the cell growth phases were not significantly
different from the control. Fungi are more resistant to
organic compounds, in particular agrochemicals. It is
not uncommon for this group of microorganisms to
be resistant to various pesticides, including resistance

@ Springer

to fungicides (Hawkins et al., 2019). Despite this, the
Winogradsky columns proved that the fungi present in
that community of the lake water used are not having
an effect on the biodegradation of the herbicide, since
there was no increase in the number of colonies over
time in the presence of the compound. In addition, the
toxic effects of tebuthiuron remained present, affecting
the bacterial and algal communities over time.

The typical algae growth formation was possible to
be visualized in the control after two weeks (Figure S3
from supplementary material), being the chlorophyll A
values and the typical green color visualization used as
a parameter of comparison with the other treatments. It
was possible to visualize the difference in the growth
of the number of algae, and consequently, the lower
green color in the T5 column (Figure S2 from supple-
mentary material), which had the highest concentra-
tion of tebuthiuron. Chlorophyll A values of T5 were
also significantly low when compared with the control,
which reflects the negative effect of the herbicide in an
environment such as a lake. The toxic effect of tebuthi-
uron against algae organisms was related before (Tem-
ple et al., 1991; Thomas et al., 2020), and the results of
the present work corroborated it.

Tebuthiuron was described before as an organic com-
pound with a toxic effect on germination and root devel-
opment, since it is absorbed by this region, and seedlings
are more sensitive in their first days after germination
(Dam et al., 2004; Silva et al., 2018). Our results support
this toxic effect of tebuthiuron, where are observed a sig-
nificant increase in toxicity correlated with the increase in
herbicide concentration. The T4 and TS treatments had
GI values lower than 50%, indicating that more than half
of the seeds could not germinate when in contact with the
two highest concentrations of the herbicide evaluated in
the present work. It is also important to note, just the con-
trol has GI values not different from NC. Even though T1,
T2, and T3 have highs GI values, being statistically equal
to the control, the NC is still significantly different from
them, which is associated with the toxic effect of tebuthiu-
ron in the seeds even in low concentration. Tebuthiuron
has high water solubility, which greatly facilitates its pen-
etration into the seeds leading to the death of the plant
embryo (Faria et al., 2018; Grott et al., 2021). Its high sol-
ubility in water also facilitates its absorption by root cells,
leading to the death of these cells, and consequently the
plant death (Faria et al., 2018).

Another interesting point is that the control
showed lower GI values than the NC in general.
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This difference was not significant, but the GI of
the control treatment water had an average value of
79.55+13.512%, which draws attention to a by-prod-
uct in the lake water that may be negatively influenc-
ing seed germination regardless of the presence of the
herbicide. The presence of metabolites from microor-
ganism cells in the water of the control column may
have impacted the seed’s germination. Some by-prod-
ucts from microorganism metabolisms could have an
inhibition effect on root elongation since seeds in the
initial germination steps are very sensitive to chemi-
cal compounds. These effects did not influence sig-
nificantly when compared to NC and the control from
Winogradsky column treatments, but it is important
to always show these biological variations, especially
when using experiments with controlled controls in
comparison with a sample collected from the environ-
ment, such as water from lakes and rivers.

5 Conclusion

It was possible to conclude that at the concentrations
evaluated, the tebuthiuron did not influence the con-
ductivity and pH of the water. Winogradsky column
assays also proved that the bacterial community was
directly influenced by the tebuthiuron. The number
of cultivated heterotrophic bacteria decreased signifi-
cantly due to the presence of the herbicide. The algae
organisms were also affected by tebuthiuron, taking
longer for the growth of these organisms compared to
the control. The chlorophyll A analysis corroborated
this antagonist effect of tebuthiuron. The fungi organ-
isms were not affected directly by the herbicide evalu-
ated, proving that at the concentrations analyzed the
tebuthiuron did not significantly affect the cultivated
fungi organisms from the lake.

Tebuthiuron affected the germination of L. sativa
seeds, confirming its toxic influence on these organ-
isms, and in the highest concentrations evaluated in
this work, more than half of the seed population did
not germinate due to the presence of the xenobiotic
compound. It was possible to conclude that tebuthiu-
ron does negatively affect the entire microbiota of
lakes when in contact with this environment, in addi-
tion to proving that this water will maintain a toxic
residual effect for plants and other susceptible organ-
isms which could have contact with this contaminant.
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Abstract

In this study, waste from the soybean industry was used as the main carbon source to produce rhamnolipids. This biosur-
factant have a great value and can be used in several applications. The biosurfactant produced in this study was characterized
through to HPLC-UYV, and the emulsification index was determined. The work also made a biodegradation test of lubricating
oil residue, using the biosurfactant produced and other synthetics surfactants to make a comparison. After 120 h the total
production concentration was 1.434 g L™! of rhamnolipids. This value was close to order works that used more noble carbon
source for fermentation. Also was possible to identify two different homologous on the fermentation production (Rha,C,,C,,
and Rha,C,,). The rhamnolipids synthesized also showed good results in the emulsification of lubrication oil residue, being
very close to the synthetic alternative Tween80. Thus, it is possible to conclude that the biosurfactant produced has potential
for application in bioremediation of oils residues, and can be an efficient substitute for synthetic surfactants.
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Statement of Novelty

Rhamnolipids it’s a biosurfactant with multiples applica-
tion. However its production and purification turn it in an
expensive final product. Soybean soapstock is one of the
residues formed by the vegetable oil refining industry, and
due to the large production of this secondary material, it
becomes an easily accessible waste. This paper showed the
production of rhamnolipids using just the soybean soap-
stock as carbon source. The paper also showed a compa-
ration between the biosurfactant produced in the present
work and others synthetic surfactants on the remediation
of oil residue. The works prove that it’s possible to have a
high production of rhamnolipids even using a waste as car-
bon source, and the biosurfactant produced has potential
for application in bioremediation of oils residues.

Introduction

Biosurfactants are microbial metabolites that exhibit surface
activity and are synthesized by a wide variety of microor-
ganisms [35]. They generally contain glycolipids, lipopep-
tides, polysaccharide-protein complexes, phospholipids,
fatty acids, and neutral lipids [21]. The advantages of these
compounds, when compared to synthetic surfactants, are
their structural diversity, low toxicity, and high biodegra-
dability [5, 11, 24]. Due to their surfactant properties, these
biological detergents can be applied in different industry
sectors, such as food, cosmetic, pharmaceutical, chemical,
petrochemical, health, textile, among others. In addition,
they can also be applied in bioremediation of environments
contaminated by petroleum hydrocarbons [6, 7]. These
biosurfactants agents have the property of forming micro-
emulsions and micelles, facilitating the solubilisation of
hydrocarbons in water. This property is related to its molecu-
lar composition which has a hydrophilic portion composed
of amino acids, peptides, anions, cations, monosaccharide,
disaccharides or polysaccharides, and a hydrophobic portion
composed of saturated, unsaturated or hydroxylated fatty
acids [35]. The surfactants synthesized by Pseudomonas
aeruginosa are glycolipids, called rhamnolipids, whose
hydrophilic portion is composed of rhamnose molecules
linked to one or two B-hydroxydecanoic acid molecules [12].

Despite their advantages, biosurfactants are not widely
used by industries due to the high cost of production. The
use of more economical substrates, associated with the
optimization of cultivation conditions, and the develop-
ment of mutant strains, can make them economically com-
petitive and allow the substitution of synthetic surfactants
by compounds of biological origin [12-27].

@ Springer

Soybean soapstock is one of the residues formed by
the vegetable oil refining industry. It has a high content of
saponified fatty acids and is formed during the neutralization
step of the chemical refining of the fatty material. Due to the
large production of this secondary material, it becomes an
easily accessible waste.

Among in the environmentally hazardous compounds are
lubricating oils. The level of demand for lubricating oil, as
well as its disposal in ecosystems, has grown steadily over
the years [14]. Lubricating oils can enter ecosystems in two
ways: during their own use or through leakage, and direct
disposal. Lubricating oils is resistant to natural degradation,
due to their nonpolar and hydrophobic properties. Neverthe-
less, the application of surfactants and biosurfactants is an
effective strategy to optimize the biodegradation of these
hydrophobic pollutants [32]. Even a consortium of micro-
organisms can have an inability in the degradation of waste
fats and oils, being possible the complete degradation just
in the presence of surfactants [40].

Thus, the aim of the present work was to produce rham-
nolipids from soybean soapstock with the mutant microor-
ganism P. aeruginosa LBI. The physicochemical properties
of the biosurfactant were also evaluated. The work also
aimed to compare the acting effects of biosurfactant pro-
duced in this work against a commercial surfactant, compar-
ing its use against a lubricating oil residue.

Material and Methods
Microorganism

The bacterial strain used in the present studies was P. aer-
uginosa LBI, isolated by Benicasa et al. [3] from contami-
nated soil with petroleum residues. Currently, the bacteria
are conserved by cryogenic at — 80 °C in the Multidisci-
plinary Laboratory for Waste Treatment, belonging to the
Department of Biochemistry and Microbiology from Sao
Paulo State University Campus Rio Claro, Brazil. Cells were
maintained in nutrient agar, and their reactivation was per-
formed in nutrient broth at 30+ 1 °C and 180 rpm of stirring
for liquid medium.

Fermentation Process

The fermentation process in the production of rhamnolipids
by P. aeruginosa LBI followed the methodology described
by Benicasa et al. [3]. First, 1000 uL of a bacterial cell
suspension with 108 CFU mL™" of concentration in saline
solution 0.87% NaCl (m/v) was inoculated into 50 mL
calcium-free phosphate-buffered mineral media (MM) pre-
pared as described by Dilarri et al. [7], with the addition of
2.0% (m/v) of soybean oil in an Erlenmeyer-200 mL. The
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flasks were put under stirring of 200 rpm for 24 h at 30 °C.
Then 1000 pL of this culture was transferred to an Erlen-
meyer-125 mL containing 25 mL of a new medium MM
with 2.0% (m/v) soybean soapstock as a carbon source of the
medium. Next, the flasks were incubated again for 120 h at
30 °C with 200 rpm of stirring.

This process was done in triplicate batches. Every 24 h,
and also at the initial time, three flasks were removed and
their contents centrifuged. Thus, the amount of pellet bio-
mass was determined. The free cells broths were separated
for pH, surface tension and rhamnolipids quantification ana-
lyzes. Therefore, the characterization of the parameters in
the biosurfactant production process was performed in six
different times: tO (initial), t1 (24 h), t2 (48 h), t3 (72 h), t4
(96 h) and t5 (120 h).

Determination of Bacteria Biomass

To determine the bacteria biomass, 1000 pL of fermented
broth was transferred to an Eppendorf tube (previously
weighed), then centrifuged at 6000 rpm for 20 min at 4 °C.
The supernatant was separated and the pellet resuspended
in 1000 pL of saline solution 0.87% NaCl (m/v), and centri-
fuged again (6000 rpm for 20 min at 4 °C). Thus, the super-
natant was discarded and the tubes were kept in an oven for
drying for 24 h at 60 °C. After this period, they were trans-
ferred to a desiccator until they reached room temperature,
and then weighed again to determine dry biomass.

Determination of Rhamnolipids Concentration

The fermented broth was centrifuged at 6000 rpm for 20 min
with 4 °C, and the supernatant was stored at 4 °C for future
characterization of the production process. An aliquot of the
supernatant was used to quantify the rhamnolipids. First,
85% of H;PO, 1:100 (v/v) was added and the solution was
homogenized in a tube shaker to adjust pH to 2.00-3.00,
leading to precipitation of rhamnolipids. Then, ethyl acetate
with 1:1.25 (v/v) was used for surfactant extraction. The
sample was centrifuged for 20 min in 6000 rpm at 4 °C and
the organic phase was removed. The procedure with ethyl
acetate was repeated, and rhamnolipids samples collected
was stored at 4 °C [7].

Thin layer chromatography (TLC) was performed to iden-
tify rhamnolipids production before proceeding to HPLC
analysis. For this purpose, silica gel plates were used and
the mobile phase was the chloroform/methanol/acetic acid
mixture (65:15:2). The developing agent used was a solution
containing 2000 pL of anisaldehyde in 100 mL of acetic acid
with 2000 pL of sulphuric acid. The samples consisted of
4.0 uL of rhamnolipids extracts obtained from the free cell
broth at different cultivation times.

HPLC: High Performance Liquid Chromatography

In order for the analysis of the biosurfactant via HPLC-UV
detector, the rhamnolipids standards and samples were
derivative according to Schenk et al. [33] with some modi-
fications. Samples containing rhamnolipids and ethyl acetate
were first evaporated. Then 360 pL of acetonitrile and 40 uL
of the 1:1 mixture of 4-bromophenacil bromide at 40 mM
and 20 mM of triethylamine were added in acetonitrile.
Derivatization was done for 90 min at 60 °C and 1400 rpm
of stirring in a dry bath. Analyzes were performed on HPLC
(Shimadzu® LC-20A series) coupled to a UV detector. The
equipment was calibrated using a standard solution of mono-
and di-rhamnolipid at concentrations of 0.25, 0.50, 0.75 and
1.0 g L™!. For analyzes, a reverse phase column (Supelcosil
LC18 Supelco: 150 mm X 4.6 mm, 5 pum silica gel) was
used at 30 °C. The mobile phases were Solution A with
5.0% methanol and Solution B with 95.0%, both in ultra pure
water. In order to separate the present congeners, a gradient
of 80 to 100% of Solution B was established according to the
following protocol: from t=0 to 17 min, increase of Solu-
tion B from 80 to 100%, conserving in 100% up to 25 min.
Then there was a decrease to 80% up to 30 min, remaining
for another 5 min so that there was balance. The flow rate
used was 0.4 mL min~! and rhamnolipids were monitored at
254 nm. Retention times were 21.5+ 0.1 min for Rha-Rha-
C,0Co and 22.2 + 0.1 min for Rha-C,,C,,.

Biosurfactant Characterization

For the determination of pH and surface tension, the free
cell broth was used at different incubation times. The pH
determination was performed from the pHmetro Digimed®
DMPH-2. Tensiometry measure was performed at 120 h
followed De Nouy methodology by the Kriiss® model K6
tensiometer with some adaptations as described by Zajic
and Seffens [45].

Emulsification Index (E,,)

E,, was measured according to the method described by
Costa et al. [6], done in triplicate. The emulsifying activity
of the produced biosurfactant (Bs) was compared with the
indices of two commercial surfactants: Tween®80 (Tw) and
household detergent (Dd, EcoQuimica®). The assays were
performed with three different compounds: NL, new min-
eral lubricant oil (Ipiranga® F1 Super Plus: SAE 25W/50
API SJ); WL, waste mineral lubricant oil; and P, petroleum
(Petrobras®).

Thus, test tubes containing 4.0 mL of biosurfactant cell
free broth and also 4.0 mL of 10% (m/v) commercial sur-
factant solutions were used. At this volume 2.0 mL of the
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analyzed substances were added to each tube (NL, WL and
P).

The tubes were shaken for 120 s at high rotation. After
24 h at 25 °C, the ratio between the height of the emulsified
region and the total height was calculated using a calliper
(Eq. 1).

100 X Hem
Ey=—7— (1)

Hs
in which Hem is the height of the emulsification region, and
Hs is the total height of the solution.

Rhamnolipids Recovery

Biosurfactant recovery was performed with cell free broth
obtained by centrifugation of the fermentative medium after
120 h of incubation [6]. After biomass removal, the super-
natant pH was adjusted to 2.0 with the addition of H,SO,
6.0 N and remained overnight at 4 °C. Biosurfactant con-
taining cell-free broth was transferred to a separatory fun-
nel together with an equal volume of chloroform/methanol
organic solvent (2:1). The mixture was gently stirred for
10 min and left for a further 10 min for separation of the
organic (upper) and aqueous (lower) phases. The organic
phase was removed, and a new volume of organic solvent
solution was added to repeat the process. Subsequently, the
organic phase containing the rhamnolipids was transferred
to a rotavapor for solvent evaporation and biosurfactant con-
centration. The rotavapor procedure was performed under

Table 1 Composition of colorimetric tests

vacuum and at a water temperature of 50 °C. After total
evaporation of the organic solvent, the product was collected
by washing the flask with methanol. For the calculation of
yield in rhamnolipids production, a 50 mL beaker of known
mass was used to collect methanol with biosurfactant. The
solvent was completely evaporated in an oven at 50 °C (48 h)
to concentrate and obtain the rhamnolipid.

Biodegradation by Colorimetric Assays

The indicator 2.6-dichlorophenol-indophenol (DCPIP) was
used in the comparison test of the degradation rate of the
lubricating oil used by applying surfactants. The surfactants
tested were EcoQuimica® (Dd) household detergent, syn-
thetic surfactant Tween®80 (Tw), and the biosurfactant
produced in the present work (Bs). The methodology used
followed Hanson et al. [10] with some changes described by
Bidoia et al. [4]. The results considered the time required for
total discoloration as an indicator of hydrocarbon degrada-
tion, and changes in absorbance over the incubation time.
Colorimetry was conducted in covered test tubes. In the set
up of the colorimetric assays, performed in triplicate, it was
used: the waste mineral lubricant oil (WL), MM medium,
the aqueous surfactant solutions: Dd, Tw and Bs, with or
without the presence of the bacteria P. aeruginosa (Ps) at
107 CFU mL™! of concentration (Table 1).

Once assembled, each tube was placed on a shaker for
10 s and incubated at 35 °C for 120 h. DCPIP discolora-
tion, which indicates the occurrence of the biodegradation

System Composition Volume

MM DCPIP (uL) WL (uL)  Inoculum Ps Surfactant (uL) Water (uL)

medium (uL)

(mL)
C.Medium MM medium + DCPIP 7.5 400 - - - 500
C.WL MM medium + DCPIP + WL 7.5 400 50 - - 450
C.Tw MM medium + DCPIP + Tw 7.5 400 - - 250 250
C.Bs MM medium + DCPIP + Bs 7.5 400 - - 250 250
C.Dd MM medium + DCPIP + Dd 7.5 400 - - 250 250
C-Ps MM medium + DCPIP + Ps 7.5 400 - 200 - 300
Tw-Ps MM medium + DCPIP + Ps + Tw 7.5 400 - 200 250 50
Bs—Ps MM medium + DCPIP +Ps + Bs 7.5 400 - 200 250 50
Dd-Ps MM medium + DCPIP + Ps + Dd 7.5 400 - 200 250 50
WL-Tw MM medium + DCPIP + WL + Tw 7.5 400 50 - 250 200
WL-Bs MM medium + DCPIP + WL + Bs 7.5 400 50 - 250 200
WL-Dd MM medium + DCPIP + WL +Dd 7.5 400 50 - 250 200
WL-Ps MM medium + DCPIP + WL + Ps 7.5 400 50 200 - 250
WL-Dd-Ps MM medium+DCPIP+WL+Ps+Dd 7.5 400 50 200 250 -
WL-Tw-Ps MM medium+DCPIP+WL+Ps+Tw 7.5 400 50 200 250 -
WL-Bs-Ps MM medium + DCPIP + WL + Ps + Bs 7.5 400 50 200 250 -
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process, was monitored three times daily (every 8 h) for a
total of 120 h. Quantitative measurements were performed
on a Hach® Odissey DR-2500 spectrophotometer by absorb-
ance reading at 600 nm lengths in all tubes. Prior to quan-
titative analysis of biodegradation by absorbance readings,
the linear regression for oxidized DCPIP concentration
(blue) was determined. The maximum absorbance length
of DCPIP,, at 600 nm was obtained by UV-Vis spectro-
photometry. Therefore, absorbance readings were taken at
600 nm in the tubes containing the five known concentration
solutions in the spectrophotometer. From absorbance data
and DCPIP_, concentrations in solution, linear regression
(R? = 0.999) was obtained and expressed by Eq. 2.

Dv = (b x Absgy) +a )

in which b is the line intercept, a is the line slope, Absg, is
the absorbance at the wavelength of 600 nm, and Dv is the
DCPIP,, concentration value in mg L™".

Results and Discussion
Biomass Determination

The biomass and pH results of cell free broth during rham-
nolipid production are shown in Fig. 1.

An increasing biomass value was observed during the
fermentative process. This result shows the development
of P. aeruginosa LBI bacteria in MM medium containing
only soybean soapstock as substrate (Fig. 1). Under these
conditions, it was observed that higher microbial biomass
provides higher yield in biosurfactant production.

Regarding pH measurements, it was found that the culture
medium was slightly alkalized from 7.01 to 8.72 during fer-
mentation. Some studies have reported better production of
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Fig. 1 Biomass and pH during the rhamnolipids production

rhamnolipid when the pH was 8.00 [8]. Costa et al. [6] also
observed pH values between 7.01 and 7.72 after 120 h of
soybean soapstock cultivation with different P. aeruginosa
strains. Still, its results showed final pH 8.64 (120 h), when
vegetable fat was used as substrate. The pH has an influence
on the production of microbial metabolites [8—43], and dur-
ing the final fermentation processes, some metabolic prod-
ucts can generate variations in the pH of the medium. This
change in pH may also be a response from the subproducts
generated due to the waste used as a carbon source.

Moreover, the medium alkalinity favoured the tension
and emulsion stability of biosurfactants [2]. Abouseoud
et al. [2] revealed this effect of a biosurfactant produced by
Pseudomonas fluorescens on emulsion activity and stability
when applied with organic solvents. Therefore, fermentation
results (Fig. 1) showed a pH increase, which enable this
positive effect.

Determination of Rhamnolipid Concentration

By the initial TLC analysis, the presence of rhamnolipid
homologues in fermented broth was confirmed mainly after
48 h of fermentation (Fig. 2). Therefore, the identification of
these molecules was carried out by means of HPLC.

96 120

Time (hours)

Fig.2 Thin layer chromatography of rhamnolipids production: mono-
and di-rhamnolipids, after 120 h by P. aeruginosa LBI using soybean
soapstock
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It was known that several strains of Pseudomonas and
other bacterial genders produced 60 types of rhamnolipids
[1]. Nevertheless, Lovaglio et al. [18] highlighted that there
are two homologues that are most frequently generated: a
mono-rhamnolipid Rha-C,,—C,, (a-L-rhamnopyranosyl-
3-hydroxydecanoyl-3-hydroxydecanoate), and a di-rham-
nolipid Rha,~C,;—C,, [a-L-thamnopyranosyl-(1-2)-«-L-
rhamnopyranosyl 3-hydroxydecanoyl-3-hydroxydecanoate].

The concentration of rhamnolipids produced was deter-
mined by HPLC-UV detector analysis (Fig. 3). Besides
quantifying the total number of rhamnolipids (RLy) present
in the samples, the procedure also allowed to differenti-
ate two homologous species produced: mono-rhamnolipid
(mRL: RhaC,,C,,) and di-rhamnolipid (dRL: Rha,C,,C,).

The presence of rhamnolipids at the beginning of fermen-
tation process (time zero) was due to bacterial pre-inoculum
culture that possibly already had biosurfactant production in
the culture medium.

From Fig. 3, there was an increase in RL} concentration,
reaching 0.51 g L™" in 120 h. At concentrations of homolo-
gous species, it was established that the fermentative process
produced higher amount of mRL. However, the production
curves of these two congeners follow practically the same
pattern, mainly in the production increase after 72 h.

Results corroborates with literature due to the common-
ness of mRL and dRL produced by P. aeruginosa [17, 18,
26]. Pseudomonas aeruginosa LBI 2A1 produced 9 differ-
ent rhamnolipid homologues using castor oil, corn soap-
stock and sunflower oil as demonstrated by Lovaglio et al.
[17]. However, authors found that mRL and dRL were the
most found congeners. Nitschke et al. [26] performed fer-
mentation similar to the present study (P. aeruginosa LBI
and soybean soapstock). This study showed 10 rhamnolipid
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Fig. 3 Quantification of homologous species (mRL and dRL), and
total rhamnolipids (RL;) produced by P. aeruginosa LBI
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homologues production, but the main components of biosur-
factant mixture were mRL (44%) and dRL (29%) after 144 h.

Variation presence in rhamnolipid congeners is based on
fermentation parameters: production substrate, cultivation
conditions, bacterial strain and culture age [43]. Hence, the
composition of homologous mixture can directly influence
the physicochemical properties of biosurfactant solution
[17].

Quantification of Rhamnolipids Production

Biosurfactant concentration obtained in the fermentation
process was 1.434 g L' in 120 h. Note that the highest value
obtained by the extraction method with organic solvents is
due to the presence of other compounds in the final material
obtained in the rotavapor. In the case of RL} quantification
(Fig. 3), HPLC detection accurately determined the con-
centration of homologous species mRL and dRL. Thus, the
yield of rhamnolipids is close to values obtained by similar
processes [6].

Costa et al. [6] studied the production of rhamnolipids
by P. aeruginosa, using vegetable fat as a carbon source. In
this research, the concentration after 120 h of the production
was 1.71 gL7!, 1.87 g L' and 2.03 g L™! for LBO, LMI 6¢
and LMI 7a strains, respectively. With substrate of similar
composition and the same strain (P. aeruginosa LBI), the
production of rhamnolipids was close to the concentration
obtained (1.434 g L™!). However, it is important to highlight
the higher cost of production of vegetable fat in relation to a
residue such as soybean soapstock. Similarly, using buriti oil
as an even nobler substrate as a carbon source, Costa et al.
[6] obtained 2.90 g L~! of biosurfactant. Pérez-Armendériz
et al. [28] also used canola oil residue to produce rham-
nolipid, obtaining results higher than 1.0 g L™", similar to
those obtained in the present study.

From the extraction result, it was possible to calculate
the yield of the fermentation process and establish a per-
spective for the use of soybean soapstock in the production
of biosurfactants in the Brazilian context. Since the Brazil
is among the largest soybean producers in the world. Thus,
1.0 g of soybean soapstock was required for P. aeruginosa
LBI to produce 0.0717 g of rhamnolipids, like 7.17% yield in
the fermentation process. According to forecasts by the Bra-
zilian Vegetable Oil Industries Association (ABIOVE) for
2018/2019, the generation of this waste in the industry will
be around 336.2 thousand tons. Therefore, from the results
of this study, the Brazilian potential to produce rhamnolipids
from soybean soapstock can reach 24.10 tons. In this way,
it will add high market value to the compost previously dis-
carded by the sector, besides preventing this polluting load
from being passed on to the environment through its direct
destination to landfills.
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Similar yields have already been found in batch crops,
even using nobler and more expensive production substrates.
Wei et al. [44] obtained 0.04 g of rhamnolipid per gram
of olive oil and Miiller et al. [22] produced 0.06-0.07 g of
biosurfactant from sunflower oil. Sharma et al. [34] using
a more noble substrate, and optimizing the entire fermenta-
tion process obtained an increase in its production of rham-
nolipid, reaching 2.65 g L™,

Recent studies also revealed similar yields with Fig. 3
and 7.17% or 0.0717 g of rhamnolipids produced using
1.0 g of soybean soapstock. Reddy et al. [30] demonstrated
the production of 0.080 and 0.088 g RL; by P. aeruginosa
DR1 per gram of stearic and oleic acids, respectively. More
expensive production substrates showed higher yields as
Pérez-Armendariz et al. [28], which showed the produc-
tion of 3.59 g L™! of waste canola oil and 4.00 g L™! of
NaNO; after 14 days. Furthermore, Sharma et al. [34] used
a substrate composed by 2.17% sodium citrate 0.5% yeast
extract as carbon and nitrogen sources, respectively. These
authors improved biosurfactant production yield (2.65 g L™
and obtained of four rhamnolipid homologs (Rha,C,,C,.
Rha,C¢C,(, Rha,C,,C,,/Rha,C,,C,,, and RhaC,,C,).

Although some researches present higher yields, it is
worth noting that the present study used a more crude car-
bon source (originating from a waste), in addition to the fact
that the fermentation process is more simple to have a lower
cost. Moreover, aiming at lower production cost, the nitrogen
source was only concentrated in the calcium-free phosphate
buffered mineral: MM [7], since there was no increase in
the concentration of this element by the addition of other
products that would increase the cost of the process.

However, RL yield by P. aeruginosa using soybean soap-
stock could be improved. El-Housseiny et al. [8] revealed
optimized conditions that reached 48.85 g rhamnolipids L™
after 10 days. Authors used the mutant 15GR and solid state
fermentation. Thus, novel studies with residues as soybean
soapstock could report higher results. As highlighted by
Henkel et al. [12] and Rivera et al. [31], this can solve the
economic challenge related to rhamnolipids production due
to the high cost of raw materials and it favours sustainable
production through agro-industrial waste reuse.

Determination of Surface Tension

The surface tension of the cell free broth was analyzed to
characterize the end of fermentation process. Thus, the sur-
face tension was 33.73 mN m~! in 120 h of cultivation. This
result was close to the values found by many authors, but
generally using noble sources of substrate for P. aeruginosa.

Abouseoud et al. [2] used olive oil as carbon source and
observed minimum values of 30 and 35 mN m~! for free and
immobilized cell cultures. Radzuan et al. [29] reached sur-
face tension between 29 and 32 35 mN m™! by fermentation

with palm fatty acid distillate, fatty acid methyl ester and
glucose. Lotfabad et al. [16] used soybean oil waste and
demonstrated surface tension reduction until 28.5 mN m~!
by crude biosurfactant. However, these authors performed
bacterial grown on bioreactor. Finally, Costa et al. [6] pro-
duced rhamnolipids under identical cultivation conditions
and reported 33.20 mN m™"! for surface tension after 120 h.

Emulsification Index (E,,)

Emulsifying power is an important feature for any surfactant.
Thus, Fig. 4 shows the emulsification index values for lubri-
cating oils (new: NL and waste: WL) and the petroleum.
All these compounds were emulsified by the following sur-
factants: rhamnolipid produced by P. aeruginosa LBI (Bs),
household detergent (Dd) and Tween®80 (Tw).

Regarding NL (Fig. 4), it was observed that the values
of the three surfactants were similar with values between
27.59% and 39.81%. Tw stood out in the petroleum trials,
but the difference between Tw and Bs was not significant
for NL and WL.

The biosurfactant produced presented higher E,, values
for the three substances than the household detergent (Dd).
In general comparison, rhamnolipid always tends to have a
surfactant activity superior to household detergents, obtain-
ing E,, values similar to synthetic surfactants [23], corrobo-
rating the data obtained in the present study. The Emulsifica-
tion index E,, values obtained for the rhamnolipid produced
in the present work were similar to those obtained by Costa
et al. [6] and Lovaglio et al. [17]. George and Jayachan-
dran [9] also produced rhamnolipid from waste but obtained
superior results from E,,. However, it is worth mentioning

4
i

NL WL P

Fig.4 Emulsification index (E,,) for: NL, new mineral lubricant oil;
WL, waste mineral lubricant oil; and P, petroleum; using biosur-
factant (Bs), household detergent (Dd) and Tween80® (Tw). ANOVA
by Tukey test (P<0.05 and CV=0.099720). Different letters repre-
sent a significant difference in means between surfactants
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that they used different bacteria strain, in addition to pre-
senting other different characteristics in the culture media
from the present study, which may have led to the values
greater for E,,.

In addition, most microbial surfactants are distinctly dif-
ferent, solubilising or emulsifying different hydrocarbons
[13], which would explain the diversity of E,, values found
for each substance. Emulsification index varies according
to viscosity, droplet size, phase volume ratio, temperature,
pH, emulsion time, agitation and density difference of the
tested substances [36]. Variation in pH values and the addi-
tion of additives such as ethanol may increase the emulsify-
ing activity of rhamnolipids, making them more competitive
with chemical surfactants [27]. Another factor that can also
influence is the culture media used in the fermentation pro-
cess. Nadella et al. [25] increased the emulsifying activity
of rhamnolipid produced by P. aeruginosa when glucose
and yeast extract were used as carbon and nitrogen sources.
Finally, knowledge about emulsification of various sub-
stances is important for the definition of these processes in
the petrochemical industry. Such processes are applied, for
example, in oil recovery from pipeline emulsions, MEOR
and bioremediation of contaminated areas [35].

Rhamnolipid have the ability to emulsify petroleum
derivatives (lubricating oils, for example) may facilitate their
microbial assimilation as a carbon source. Thus, this data is
useful for strategic planning in the remediation of environ-
ments contaminated by these hydrocarbons [3]. Once the E,,
values are determined, it is possible to relate the surfactant
activity of rhamnolipid, and to determine whether there will
be a better action on the biodegradation of the contaminating
oil. In this case, the present study showed an auto value of
E,, for WL and NL, being able to affirm that rhamnolipid
would have an effective action in the bioremediation of this
type of contaminant.

Biodegradation by Colorimetric Assays

Through the colorimetric method using the DCPIP redox
indicator was possible to estimate the biodegradation rate of
the used lubricating oil (WL) by P. aeruginosa LBI, com-
paring the use of biosurfactant with the two commercial
surfactants (Dd and Tw) as a function of time. The results
considered the time required for total discoloration and this
decrease in the concentration of DCPIP in its oxidation state
(DCPIP,,) is presented in Fig. 5.

From the colorimetric assays, it was possible to observe
the different behaviours of microbial activity (Fig. 5). Aver-
age discoloration was observed in the tubes containing WL,
the surfactants (Bs, Dd and Tw) and the P. aeruginosa LBI
(Ps) inoculums.

The largest reduction in indicator concentration was
in the WL with Tw assay. In this case, the high microbial
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metabolism is highlighted by the degradation of the chemi-
cal surfactant, which proved to be an easily carbon source,
being assimilated by the microorganism. Even when there
was no WL in the medium (Fig. 5a) the microorganism
showed a Tw degradation action, presenting the highest
percentage of discoloration over time. Tw also showed a
reaction with culture medium MM and WL (Fig. 5d) even
when it is in the absence of bacteria (Fig. 5b), showing a
discoloration in DCPIP. The Bs and Dd were constant and
stable, having a relevant discoloration only when bacteria
and WL were present. These results confirm that Bs and Dd
were only facilitating WL degradation by the microorgan-
ism. However, the Tw was being just a second carbon source
for the microorganism.

Despite having obtained results lowers to the treatment
containing Tw (Fig. 5¢), nonetheless, Bs presented similar
results. Biosurfactant treatment was also higher then Dd
treatment, showing that it has potential use for bioreme-
diation. Thus, it was observed that degradation rates were
higher when biosurfactant was present. The Bs results was
also very close to Tween80® (Fig. 5), being a potential sub-
stitute for this surfactant. Thus, it can be stated that the bio-
surfactant produced in this work has a considerable potential
for application in the treatment and bioremediation of areas
contaminated with petroleum hydrocarbons. A related inter-
action between compound and biosurfactant was similarly
observed by Montagnolli et al. [19, 20].

The characteristics of lubricant oil waste also justify
these results, since due to its physicochemical properties,
the microorganism presented some difficulty in its degrada-
tion even with the action of the surfactants tested, obtaining
constant values even over the incubation time (Fig. 5). The
physicochemical characteristics of oils are a decisive factor
in biodegradation kinetics, since microorganisms act mainly
on the oil-water interface in aquatic environments, and soil
matrix oil for terrestrial ecosystems, being a challenge posed
to bacteria the biodegradation of hard fats [42]. When it
comes to WL, it has been shown that its chemical structure
changes when the product is used. The high temperatures
and high engine pressure break the long carbon chains pre-
sent in this oil, which facilitates the microbial action in the
degradation of these molecules [39].

In this sense, tests with DCPIP have been applied in the
study of petroleum hydrocarbon degradation by micro-
organisms because they are precise, simple and sensitive
methods [4, 39]. Montagnolli et al. [20] demonstrated the
efficiency of this method compared to the evolution of CO,
by respirometry. In this study, respirometric and colorimetric
techniques successfully detected biodegradation of vegeta-
ble oils and biodiesel. Therefore, they become important in
assessing the effectiveness of treatment strategies.

Thus, a previous laboratory scale biodegradation analy-
sis can investigate several parameters that may interfere
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with the treatment efficiency and allow the process to be
optimized in relation to lower costs and times [37]. In
this case, the bench results showed that the biosurfactant
produced in the present work has a great potential to be
applied in the remediation of waste contaminated environ-
ments like the WL used in the present study.

According to Liu et al. [15] there was a significant
synergistic effect between P. aeruginosa SNP0614 and
mixed oil-degrading bacteria which resulted in increasing
n-alkanes degradation rate by 30%. Additionally, accord-
ing to Tzirita et al. [41] addition of a Pseudomonas sp.
into a bioaugmentation product with Bacillus spp. (lipase-
producing bacteria/oil-degrading bacteria) interacted suc-
cessfully promoting remarkable removal of fats and oils.
So, the work also shows a potential future application

Percentage of discoloration (DCPIP )

1 T
0 24 48 T2 96 120 144 168 192 216 240 264 288
Incubation time (hours)

d

100 ]
Tk 95
E 91)
o B5-
=
g I
£ 74
£ 65
= 60
£ 559
=
=50
w45
e T T e
g poap C.Medium Y
: ] =
g 5] C.nd
E 501 4 CBs

15 L= C.TW

T T T T T T T T T T T T T
024 48 72 96 120 144 168 192 216 240 264 288
Incubation time (hours)

DCPIP+Ps+Bs, Dd—Ps MM medium+ DCPIP+Ps+Dd, WL-
Tw MM medium+DCPIP+WL+Tw, WL- Dd MM medium+
DCPIP+ WL +Dd, WL-Bs MM medium + DCPIP+ WL + Bs, WL—
Ps MM medium + DCPIP + WL +Ps, WL-Tw—Ps MM medium + DC
PIP + WL +Ps+Tw, WL-Dd-Ps MM medium + DCPIP+ WL +Ps+
Dd, WL-Bs—Ps MM medium + DCPIP + WL + Ps + Bs)

of the strain with oil-degrading bacteria for degradation
improvement.

Conclusions

We concluded that P. aeruginosa LBI was able to produce
rhamnolipids from soybean soapstock as the sole carbon
source. The 7.17% yield of biosurfactant production from
agro-industrial waste leads to the possibility of commercial
production of rhamnolipids using low cost raw material.
The work also presented a nobler destination to the soybean
soapstock residue, and can be used in the production of a
product with a high added value.

@ Springer
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The biosurfactant produced in this work also demon-
strated good results in the emulsification of used automo-
tive lubricating oil, indicating its potential application in
environments contaminated by this kind of waste. The addi-
tion of surfactants favoured WL biodegradation with empha-
sis on rthamnolipid and Tween80. On the other hand, the
chemical detergent Ecoquimica® represented little increase
in microbial metabolism. Thus, it can be stated that the bio-
surfactant produced in this work has potential for application
in bioremediation of sites contaminated with this type of
waste. We also conclude that despite its biological origin,
the biosurfactant produced had characteristics akin to syn-
thetic surfactant and can be an effective and environmentally
safer substitute.
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