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Abstract
The intensive production of polycyclic aromatic hydrocarbons by anthropogenic activities is a
serious environmental problem. Therefore, new bioremediation methods are required to avoid
widespread contamination. In this work, Serratia sp. AC-11 strain isolated from a tropical peat
was selected for immobilization into chitosan beads, which were employed in the biodegra-
dation of fluoranthene. The sizes of the produced beads were relatively uniform with an
average diameter of 3 mm. The material was characterized by SEM and FT-IR, confirming the
cells immobilization and the protective barrier formed by the chitosan surrounding the
biomass. The immobilized bacteria were able to degrade 56% of fluoranthene (the initial
concentration was 100 mg L−1) in just 1 day at twice the degradation rate achieved by free-
living cells. Furthermore, the immobilized bacteria showed excellent removal during five reuse
cycles, from 76% to 59% of biodegradation. These results showed the potential of this
approach for remediation of contaminated sites.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of compounds with aromatic fused rings
that possess toxic properties, such as carcinogenicity and bioaccumulation. They are ubiqui-
tous environmental compounds considered persistent organic pollutants (POPs) due to their
low bioavailability and high hydrophobicity which makes them difficult to treat and eliminate.
The importance of minimizing the release of PAHs and their dangerous effectsresulted in a list
of 16 PAHs designated as priority pollutants by the Unites States Environmental Protection
Agency (USEPA), including fluoranthene [1, 2].

A four-ring compound that is the major component of petroleum sludge [3], one of the
commonest PAH in the environment and has been reported as a recalcitrant, genotoxic,
cytotoxic, mutagenic, and potentially carcinogenic compound [4]. Therefore, the removal of
fluoranthene by different techniques has been studied due to its spreading and toxicity,
including biodegradation processes by bacteria [5], yeasts [6], and fungi [7].

Remediation of PAHs contaminated sites is conducted to minimize risks to the environment
and human health. Compared to the conventional physical–chemical treatments, the use of
microorganisms has been highly efficient, stable, economic, and eco-friendly [8, 9]. However,
finding strains capable of degrading PAHs is quite difficult, since high concentrations of these
compounds and environmental conditions can affect the microbial growth and survival [10].
Therefore, to overcome this problem and improve the bioremediation efficiency, the use of
microorganisms immobilized in supports showed several advantages over the use of free cells
[11, 12].

There are different types of cells immobilization, but it is important to note that bacterial
entrapment provides greater protection against changes of environmental conditions, as well as
improved viability of the employed microorganisms [13]. In addition, this technique is a low
cost, fast, and easily applicable method for biodegradation processes [14].

A diversity of natural and synthetic polymers are available for immobilization of microor-
ganisms, as nylon [15], silica gel, silica xerogel, chitosan [16], polyurethane foam, sodium
alginate, polyacrylamide, and agar [17]. However, the preference for natural polysaccharides
lies on their abundance in nature, economical viability and low toxicity in comparison
with those of synthetic origin [18]. Among these supports, chitosan is known for its biode-
gradability, biological compatibility, and non-toxic properties [19].

Chitosan is one of the most abundant polysaccharide in nature, and a linear co-polymer
industrially obtained from the deacetylation of chitin, which is found in the exoskeletons of
crustaceans and insects [13]. The different functional groups present in the chemical structure
of chitosan, and the possibility of modify them enables the production of biomaterials with
different morphological configurations, including beads, films, membranes, gels, and powders
[20]. Moreover, this material can be used in many fields as medicine [21], food [22],
environment management [23], agriculture [24], and others.

Previous studies have reported the application of microorganisms immobilized into chito-
san beads for the degradation of phenol [25], hexadecane [13], n-hexadecane [11], and oil [26].
However, there are no reports of the employment of this method for PAHs biodegradation.

Therefore, a new bioproduct containing a bacterial strain, Serratia sp. AC-11, isolated from
a tropical peat and entrapped into chitosan beads was developed and evaluated for fluoranthene
biodegradation. A comparison between the rates of fluoranthene consumption using entrapped
and free bacteria was carried out, including the reuse of the obtained beads in high efficiency
for future applications in environmental remediation.
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Materials and Methods

Reagents, Solvents, and Culture Media

Fluoranthene (98%) was acquired from Sigma-Aldrich (Steinheim, Germany), anthracene
(99%) was obtained from Acros Organics (New Jersey, USA) and chitosan (74% deacetylated)
was obtained from Polymar (Fortaleza, Brazil). Salts, reagents, and solvents were obtained
from Sigma-Aldrich (Steinheim, Germany) and Synth (São Paulo, Brazil). Whereas, agar and
nutrient broth was purchased from Himedia Laboratories (Mumbai, India). The Taq DNA
polymerase and others molecular supplies were obtained from Invitrogen (CA, USA) and
Integrated DNATechnologies (IL, USA).

Isolation and Molecular Identification of Serratia sp. AC-11

The Serratia sp. AC-11 strain was isolated from a peatland in Santo Amaro das Brotas, Sergipe
State, Brazil (N 07° 20.729′/ W 880° 35.113′) using fluoranthene as sole carbon source, as
described by Madueno et al. [27]. The molecular identification was performed using the 16S
rRNA gene sequence. The bacterial genomic DNA was extracted and purified using an
alkaline lysis protocol, then the 16S rRNA was amplified by polymerase chain reaction
(PCR) using 968F (5′-AACGCGAAGAACCTTAC-3′) as the forward primer and 1401R
(5′-CGGTGTGTACAAGACCC-3′) as the reverse primer.

Amplification reactions were prepared in a final volume of 50 μL using 50 ng of DNA,
5 μL of buffer, 3 mM of MgCl2, 25 μM of each dNTP, 0.4 μM of each primer, 2 U of Taq
DNA polymerase (Invitrogen), 5% of dimethylsulfoxide (DMSO), and sterile deionized
water. The amplification was carried out as follows: one cycle at 95 °C for 3 min, followed
by 35 cycles at 94 °C for 40 s, 56 °C for 40 s, 72 °C for 40 s, and a final extension step at
72 °C for 3 min. The PCR product was analyzed by electrophoresis, purified using a GE
Healthcare kit and then sequenced by the sequencing service of São Paulo University
(USP).

The forward nucleotide sequences were determined using a Big Dye Terminator v.
3.1 Cycle Sequencing Kit and an automated ABI 3730 DNA Analyzer (Applied
Biosystems). The sequence was viewed, edited, and aligned using Geneious v. 6.1.8
software. Numts and stop codons were absent in the sequence. The determined
sequence was compared with the GenBank using the BLAST/NCBI software. The
neighbor-joining phylogenetic tree was constructed in MEGA v. 6.0 using p-distances,
complete deletion, and bootstrapping with 1000 replications. In addition, the sequence
was then deposited in GenBank.

Effect of Chitosan on the Bacterial Strain Serratia sp. AC-11

The effect of the chitosan solution on the bacterial strain was evaluated according to
Angelim et al. [26] with modifications. A bacterial suspension (100 μL) with an
optical density of 0.1 at 600 nm (108 CFU mL−1) was used to inoculate tubes with
1 mL of a solution containing 1% of acetic acid and 2, 3, or 4% of chitosan. After
24 h, aliquots of these cultures were transferred to nutrient agar medium and incu-
bated at 32 °C for 24 h to determine the effect of the tested solution on the bacterial
growth.
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Chitosanase Production

Chitosanase production was evaluated following the protocol described by Choi et al. [28].
The bacterial strain was grown in nutrient medium for 24 h at 32 °C, and subsequently, 15 μL
of the culture was transferred to the surface of the chitosanase detection agar. Chitosanase
production was identified by the formation of a hydrolysis halo around the colony after
incubation for 48 h at 32 °C. All experiments were conducted in triplicate.

Entrapment of Bacteria into Chitosan Beads

The entrapment procedure was performed following the protocol described by Costa et al. [13]
with some modifications. The bacterial strain was grown for 24 h in 30 mL of nutrient liquid
medium at 32 °C and 150 rpm. Subsequently, the cells were harvested by centrifugation for
10 min at 4 °C and 5000 rpm.

Then, the bacterial pellet was resuspended in 0.5 mL of sterile 0.9% NaCl aqueous solution
and added to 30 mL of a 4% chitosan solution. This preparation was previously performed
with 1% of acetic acid in distilled water, which was then sterilized for 10 min at 120 °C in an
autoclave. The suspension was stirred for 10 min and kept standing for 10 min. After that, this
mixture was dripped into a 1% sodium tripolyphosphate (TPP) solution (pH 9) for beads
formation using a sterile burette. After stirring for 40 min, the beads were removed from the
solution and washed three times for 10 min with 200 mL of sterile 0.9% NaCl aqueous
solution.

The consistency of the beads was improved by treating them with 0.2% of glutaraldehyde
(previously sterilized at 120 °C for 10 min) for 1 h and then washed three times with 0.9% (w/
v) NaCl aqueous solution. The beads were then ready for use in the biodegradation assays.
Moreover, to determine the number of viable cells inside the beads, 1 g of beads was
macerated in 10 mL of 0.9% (w/v) NaCl aqueous solution, and serially diluted on nutrient
agar plates for determination of colony-forming units (CFU/g). The entire procedure was
carried out in a biological safety cabinet.

Characterization of the Beads with Immobilized Bacteria

FT-IR

FT-IR spectra of the chitosan samples and the chitosan beads with immobilized bacteria were
obtained using KBr tablets (1:100, sample:KBr) in a Varian Model 640 IR spectrometer. The
spectra were acquired from 4000 to 400 cm−1 with 32 scans per sample and a resolution of
4 cm−1.

SEM

Photomicrographs of the chitosan spheres with and without the immobilized bacteria were
obtained. The spheres were previously dried in oven at 35 °C for 48 h and coated with gold
(ion sputter, E-1010, Hitachi, Japan). The images were obtained using a Hitachi Model TM
3000 scanning electron microscope operated under high vacuum with an acceleration voltage
of 15 kV and a filament current of 1850 mA.
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Fluoranthene Biodegradation

Biodegradation assays were performed with free-living and immobilized cells. For the free-
living cells, 200 μL of a culture with 108 CFU mL−1 was used as inoculum, whereas 2 g of
chitosan beads was used in the immobilized assays. Both experiments were carried out in
50-mL Erlenmeyer flasks containing 20 mL of nutrient liquid medium with 100 mg L−1 of
fluoranthene for 1 to 10 days of biodegradation. In addition, chitosan beads without
immobilized bacteria were employed as a control of the fluoranthene loss by adsorption
and/or sublimation. All experiments were performed in an orbital shaker at 150 rpm and
32 °C in triplicate.

The assay containing the immobilized chitosan beads was filtered in a Büchner
apparatus to separate the beads and the reactional medium. The beads were washed
with ethyl acetate (10 mL) and employed for viable cells determination. For the free-
living bacterial assays, 10 mL of ethyl acetate was added to the Erlenmeyer flask
containing the bacterial suspension and the resulting mixture was vigorously stirred
for 30 min. The obtained liquid phases (both immobilized and free-living cells) were
centrifuged at 5000 rpm for 10 min at 4 °C, followed by liquid–liquid extraction with
3 steps of 20 mL of ethyl acetate each in a separatory funnel. Anhydrous Na2SO4 for
drying was added to the organic phase, which was then filtered and evaporated under
vacuum. The residue was resuspended in ethyl acetate.

Reuse Cycle of the Immobilized Biocatalyst

The chitosan beads with immobilized bacteria were tested for five reuse cycles of 5 days each
in fluoranthene biodegradation. The same procedure described in BFluoranthene
Biodegradation.^ was followed. However, the beads filtered in the Büchner apparatus after
the incubation period of 5 days were immediately collected with a sterile spatula and
transferred to a new liquid medium containing 100 mg L−1 of fluoranthene.

Determination of Fluoranthene Degradation by GC-FID

The quantitative analyses of fluoranthene were carried out in a Shimadzu GC 2010 gas
chromatograph equipped with an AOC 20i auto-injector, a flame ionization detector (FID),
and a DB5 column (J&W Scientific, 30 m × 0.25 mm× 0.25 μm). Hydrogen was used as the
carrier gas at a flow rate of 1.0 mL min−1. The oven program initiated at 100 °C and
maintained in this condition for 1 min, then a temperature increase at a rate of 8 °C min−1

up to 280 °C was employed, and this final temperature was kept for 7.5 min. A split injection
ratio of 5 was used and the injector temperature was 250 °C.

An analytical curve was obtained employing solutions of 50, 350, 650, 950, and
1250 mg L−1 of fluoranthene with 1000 mg L−1 of anthracene as internal standard. Moreover,
all the solutions were injected in triplicate and a linear equation was obtained: Fluoranthene
concentration = {[(Fluoranthene area/ Anthracene area) + 0.0267] / 0.001}, with a R2 of 0.998.

A control experiment was carried out employing chitosan beads without
immobilized bacteria, and a method recovery of 96.3% was observed. Therefore, only
3.7 ± 0.8% % of the fluoranthene reduction can be attributed to the absorption/
adsorption in the chitosan beads.
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Results and Discussion

Molecular Identification

The Serratia sp. AC-11 was isolated from a tropical peat using fluoranthene as sole
carbon source, showing the potential of this environment as source of important
biocatalysts. The peat of Santo Amaro das Brotas in Sergipe State has been studied
in terms of chemical composition [29] and adsorption of organic [30, 31] and
inorganic compounds [32, 33], but few investigations about its microbiota were
carried out. Although peatlands are known for containing large microbial populations
with a wide metabolic diversity, which should be evaluated for potential biotechno-
logical applications [34, 35].

The partial 16S rRNA gene sequence of the AC-11 strain was determined and deposited in
GenBank under the accession number KP264565. A BLAST search revealed that the deter-
mined sequence had 100% identity with 16S sequences from different strains of Serratia sp.
(KX215147.1, KU555937.1, KU535676.1, KT183566.1 and KX527573.1), thus this bacteria
was identified as Serratia sp. AC-11. The neighbor-joining tree showed the clade of Serratia
in which AC-11 is included (Fig. 1).

The Serratia genus is ubiquitous in nature and has been isolated from water, soil,
animals (including man), and plants [36]. Previous studies have shown the ability of
Serratia sp. to degrade compounds such as methyl parathion, p-nitrophenol [37],
chitin [38], organic compounds present in sewage sludge (such as tributryin), phos-
phoric acid [39], pulp and paper mill effluent [40]. In the case of PAHs, Machin-
Ramirez et al. [41] described the capacity of Serratia marcescens to consume
benzo[a]pyrene by almost 40%.

Fig. 1 16S rRNA neighbor-joining tree for Serratia sp. AC-11 strain and some GenBank sequences using p-
distance with 1000 replications
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Effect of Chitosan on Bacterial Growth and Chitosanase Production

The evaluation of bacterial resistance to the chitosan solution revealed that Serratia sp. AC-11
tolerated up to 4% of chitosan during 24 h. Therefore, this concentration was employed to
produce stable beads suitable for orbital stirring during the biodegradation assays.

The next step was the determination of chitosanase activity by the employed strain, since
this is an undesirable characteristic for the reuse of the chitosan beads. The evaluation of
enzymatic activity was performed by inoculating the bacteria onto chitosan agar plates in order
to observe any halo formation after 48 h. The absence of a halo confirmed that no chitosanase
was produced, confirming that the strain fulfilled the requirements for immobilization into the
chitosan.

Immobilization of Cells into Chitosan Beads

The beads containing immobilized bacteria were relatively uniform with an average diameter
of 3.0 ± 0.3 mm and a content of 1 × 107 CFU/g of beads. However, disintegration of the beads
occurred at the end of the fifth day of the biodegradation assays.

To understand the motive of the beads instability, pH measurements of the culture medium
were performed at the end of the experiment, since chitosan is readily soluble at acidic pH. No
substantial change in pH was observed between the initial and final days, with values of 7.0 ±
0.2 and 6.81 ± 0.4, respectively. Moreover, a new investigation of chitosanase production was
conducted. At the end of the fifth day of the experiment, an aliquot of the bacterial strain was
inoculated on chitosan agar and incubated for 48 h at 32 °C. After this period, the formation of
a hydrolysis halo around the inoculum was observed, confirming the presence of chitosanase
activity under these experimental conditions.

Probably, the prolonged assay with immobilized cells induced the expression of a gene
responsible for chitosan consumption. According to Gupta et al. [42], the production of most
hydrolytic enzymes (including chitosanases) is controlled by metabolic induction and repres-
sion. Therefore, inductive expression of the enzyme occurred under these experimental
conditions. The digestibility of chitosan or any other immobilizing support is interesting only
when the function of the support is to carry cells to a specific site of action [43], which
unfortunately was not the case.

Barreto et al. [11] also observed disintegration of chitosan beads during hexadecane
biodegradation due to chitosanase production by trapped bacterial cells. To overcome this
problem, it was necessary to treat the beads with a cross-linker (glutaraldehyde) in order to
increase their stability. Glutaraldehyde is a low cost compound and the most widely used
cross-linker, which can increase the strength of the support by forming a spatial grid structure
[44], which may increase the resistance of the matrix to chitosanase.

This compound quickly reacts with amine groups at near-neutral pH generating thermally
and chemically stable cross-links and increasing stability and reusability of supported
biocatalysts [44, 45]. The covalent linkages between the amine groups of chitosan and the
aldehyde groups of glutaraldehyde are stable in wide ranges of pH, temperature and resistant to
enzymatic hydrolysis [11].

In this study, the beads were treated with 0.2% of glutaraldehyde for 1 h immediately after
the cells immobilization process, which allowed the microorganism cells to survive. The cross-
linking process generated a color change from beige to orange in the beads, confirming the
reaction of the aldehyde groups of glutaraldehyde with the amine groups of chitosan [46].
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A CFU determination was performed after this procedure and 3.4 × 106 CFU/g of beads
was determined. This result showed that cell losses occurred due to the cross-linking proce-
dure, although these losses did not affect the use of the beads in the biodegradation tests. After
10 days of biodegradation experiment, the cross-linked beads remained intact and undamaged,
differently from the beads without this treatment, confirming the resistance promoted by the
employed procedure. The integrity of the beads is essential for their reuse under controlled
conditions in large scale processes, where characteristics such as stability and rigidity are
essential [13].

Characterization of Chitosan Beads

SEM

The use of SEM enabled differentiation between the beads with and without immobilized
bacteria (Fig. 2). The micrographs showed that the bacteria were firmly immobilized into
chitosan and that the presence of the bacteria generated a wrinkled bead surface, which
promotes an increased superficial area. This wrinkle effect was enhanced by the employment
of glutaraldehyde, facilitating the colonization and production of microbial biomass, and
resulting in biofilm formation [25]. The porosity observed in the beads surface allowed better
adsorption of the cells onto the chitosan and improves the rate of mass transfer of fluoranthene,
oxygen, and water to the cells [12].

FT-IR

FT-IR spectra for the Serratia sp. AC-11 strain, chitosan, and chitosan beads with immobilized
bacteria are shown in Fig. 3. The Serratia sp. AC-11 spectrum showed a broad absorption
band centered at 3417 cm−1 and a shoulder at 3280 cm−1, attributed to peaks overlapping
associated with hydrogen bonds of O–H groups from lipids and carbohydrate structures, and
N–H bonds of proteins. Bands at 2962–2855 cm−1 were attributed to the stretching of C–H
bonds in aliphatic structures, as confirmed by the asymmetric folding bands at 1459 cm−1 and
1387 cm−1, both related to the presence of lipids. The presence of a shoulder at 1743 cm−1 was
due to the C=O stretching of aliphatic esters associated with the present lipid structures. Bands
at 1655 cm−1 and 1548 cm−1 were attributed to amide C=O stretching and N–H folding,
respectively. It is important to note that these bands are present in almost all FT-IR spectra of
bacteria [47]. An absorption band at 1238 cm−1 was attributed to the symmetric stretching of
phosphate groups (P=O) characteristic of nucleic acids [48] and a broadband centered at
1075 cm−1 was associated with complex vibrational modes of C–O bonds of polysaccharides
[47].

In the chitosan infrared absorption spectrum, an intense broadband at 3435 cm−1 was
related to the peaks overlapping of O–H and N–H hydrogen bonds. Bands at 2968–
2857 cm−1 were assigned to aliphatic C–H stretching and were confirmed by asymmetric
and symmetric C–H bond folding bands at 1465 cm−1 and 1383 cm−1, respectively. Bands
at 1654 cm−1 and 1315 cm−1 were due to the amide bonds C=O and C–N stretching,
respectively, while a band at 1565 cm−1 was assigned to the folding of the amine N–H
bond. An intense band at 1080 cm−1 and a shoulder at 1158 cm−1 were attributed to the
symmetric and asymmetric stretching of C–O–C from the glucopyranoside ring, respec-
tively [49].
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The infrared spectrum of the chitosan beads with immobilized bacteria did not show any
changes in bond peaks that could indicate any specific chemical interactions between the
bacterial strain and the support. The spectrum showed similar features in terms of bands
overlapping with increased intensity of the 1651 cm−1 and 1565 cm−1 bands related to the

a1 b2

c1
c2

b2b1

Fig. 2 Images of chitosan beads: (A1) bead without bacteria at 100 x of magnification; (A2) bead without bacteria
at 1000 x of magnification; (B1) bead with immobilized bacteria at 100 x of magnification; (B2) bead with
immobilized bacteria at 1000 x of magnification; (C1) bead with immobilized bacteria employing glutaraldehyde
at 100 x of magnification; and (C1) bead with immobilized bacteria employing glutaraldehyde at 1000 x of
magnification

Applied Biochemistry and Biotechnology



contribution of amides, and a broadening of the band at 3435 cm−1 attributed to O–H and N–H
groups in both samples.

Therefore, it can be inferred that the chitosan effectively surrounded the bacterial biomass,
which was captured by a physical process during immobilization. Probably, an electrostatic
interaction that immobilizes the cells without a strong chemical effect occurred, since chitosan
is positively charged and the bacterial strain presents a negative surface [50].

Fluoranthene Biodegradation

Firstly, the chitosan beads were tested for the adsorption of fluoranthene in the absence of
immobilized bacteria (control) for 10 days. A removal of only 3.7 ± 0.8% of fluoranthene was
observed and considered negligible for this study. The biodegradation assays were performed
for 1, 5 and 10 days. In just 1 day, the immobilized cells were able to degrade 56 ± 1.9% of
fluoranthene, followed by a progressive increase of the biodegradation percentage to 76 ±
2.1% and 84 ± 3.4% for 5 and 10 days, respectively.

A comparison of fluoranthene biodegradation using free-living cells of Serratia sp. AC-11
(108 CFU mL−1) under similar experimental conditions showed that the use of immobilized
cells resulted in a 100% increase in the biodegradation of this PAH for the three tested periods
(Fig. 4). These findings showed that the microbial system formed by Serratia sp. AC-11
entrapped into chitosan beads was more effective in the fluoranthene biodegradation than free
cells of the same strain.

The growth curve obtained for the free cells presented a maximum value followed by a
decline phase, as described in the literature [51]. Whereas immobilized cells were able to
continue multiplying during longer incubation periods without reaching this decline phase and
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Fig. 3 FT-IR spectra for the Serratia sp. AC-11 strain, chitosan, and beads with immobilized bacteria
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maintaining high bacterial mass (Fig. 5). Therefore, the beads provided an appropriated
environment for cellular growth and metabolism, resulting in increased microbial activity
and stability, which enables the high degradation activity for longer periods than by free cells
[25, 52, 53].

The increase of bacterial biomass in the beads analyzed by the number of viable cells (CFU/
g) explains the higher rate of biodegradation during the biodegradation period (Fig. 6). The
fluoranthene biodegradation rate increased until the fifth day, but this rate gradually stabilized
whereas the number of viable cells continued to raise. This phenomenon has also been reported

Fig. 4 Comparison of the residual concentration of fluoranthene for free-living and immobilized cells. The error
bars represent the sample standard deviations

Fig. 5 Comparison of the growth curve for the biodegradation by free-living and immobilized cells
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by Hsieh et al. [25] and Banerjee et al. [54], who explained that the larger amounts of
entrapped cells may lead to saturation within the beads, decreasing the mass transfer efficiency
and consequently the biodegradation rates.

Fluoranthene may repress microbial metabolism by toxic effects, inhibiting the biodegra-
dation by free cells due to lower efficiency and/or cell death. In the immobilization process
employed in this study, the physical barrier created by chitosan avoided the direct contact of
the cells with the pollutant, providing protection against environmental stress and increasing
the microbial survival and biomass. According to Sarma and Pakshirajan [55], immobilized
cell systems can be used efficiently in the biodegradation of highly hydrophobic compounds
without any inhibitory effect of contaminants present in the outside of the beads.

Reuse of Chitosan Beads with Immobilized Bacteria

The use of Serratia sp. AC-11 immobilized into chitosan beads was further evaluated in
continuous biodegradation cycles. Cycles of 5 days each were employed, since the biodegra-
dation achieved after 10 days (84%) was similar to that obtained after 5 days (76%). This
reaction period was chosen considering energy consumption, process time and others cost-
effective factors, which would be important in future applications on large scale. The obtained
results of biocatalyst reuse are shown in Fig. 7.

The fluoranthene biodegradation continued throughout five continuous reuse cycles, in
which was observed a 18% difference between the biodegradation rates of the first cycle
(77%) and the fifth one (59%). The first three cycles presented non-significant differences (<
3%) in the rates of biodegradation, and most of the beads remained intact at the end of the fifth
reuse cycle with 1.9 × 106 CFU/g of beads. The chitosan beads conferred great stability to the
cells and enabled a high continuous degradation activity. It is important to note the good

Fig. 6 Fluoranthene biodegradation (100 mg L−1, 32 °C, and 150 rpm) by immobilized bacteria on consecutive
days and determination of colony-forming units (CFU/g × 105) in the beads
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integrity of the beads at the end of the experiment, which is an essential characteristic for their
reuse.

The reusability of immobilized cells is one of the most important aspects of this method,
especially when the chosen support is inert and has high mechanical resistance [56], as
reported for chitosan [57]. The produced beads with immobilized bacteria were suitable for
continuous reuse cycles with satisfactory degradation of fluoranthene and stable viable cells
number. The reuse of immobilized cells reduces operational costs and improves efficiency by
the activity of the bacteria over longer reaction periods [13].

Several studies concerning the biodegradation of fluoranthene by free bacteria have been
reported. Mishra et al. [3] studied the degradation of 200 mg L−1 of fluoranthene by two
bacterial strains, solely and in consortium. The use of Rhodococcus sp. NJ2 resulted in 64%
degradation, while 51% of degradation was achieved with Pseudomonas aeruginosa PSA5.
The use of the two bacterial strains in consortium resulted in 87% degradation in 10 days
[3]. Whereas Kafilzadeh et al. [51] achieved 73% of degradation in 10 days of incubation
using a strain of Bacillus circulans. In another study, Kumar et al. [8] isolated four bacterial
strains and, the best of them (Acinetobacter sp. PSM11 strain) achieved 61% degradation of
this PAH (at 100 mg L−1) in 7 days. In addition, Xu et al. [58] reported a bacterial strain,
Herbaspirillum chlorophenolicum FA1, which achieved 58.5% degradation of 20 mg L−1

fluoranthene in 30 days. These results can be compared with the fluoranthene degradation
rates obtained in this study, in which the immobilized bacteria was capable of degrading 56%
of fluoranthene in just 1 day and 84% in 10 days, representing a considerable improvement
over the earlier findings.

According to Tao et al. [52], the use of free microorganisms for bioremediation of
contaminated sites can fail because the inoculants must be able to overcome biotic and abiotic
stresses in the environment that they were introduced. The advantages of immobilized
microorganisms rather than free bacteria include better adaptation, greater control of
bioprocesses, lower susceptibility to contamination by undesirable microorganisms, greater
resistance to extreme environmental conditions, possibility of reutilization and improved
degradation efficiency [10, 13]. In addition, immobilized microorganisms can be used in
bioreactors, increasing these biocatalysts applications. Sarma and Pakshirajan [55] investigated

Fig. 7 Fluoranthene biodegradation (100 mg L−1, 32 °C, and 150 rpm) during continuous reuse cycles by
bacteria immobilized into chitosan beads. The error bars represent the sample standard deviations
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the use ofMycobacterium frederiksbergense NRRL B-24126 immobilized in calcium alginate
for complete degradation of pyrene with a high degradation rate of 250 mg L−1 day−1. These
findings identified potential applications of immobilized cells, as developed and reported in
our work.

Conclusion

The successful immobilization of the bacterial strain Serratia sp. AC-11 into chitosan beads was
innovative in at least three aspects. The isolation of a strain from a peatland which had never been
previously explored for biotechnological purposes. The high fluoranthene biodegradation
rate that was achieved using the beads with immobilized bacteria, showing better results than
earlier findings and, finally, the reusability of the modified beads during continuous cycles,
reducing costs by the great stability of the viable cells number and integrity of the beads.

The support chitosan was a favorable environment for microbial activity and cellular growth. In
addition, interesting characteristics such as great surface area, porosity, and a physical barrier that
avoids the direct contact of the bacteria with the pollutant allowed an increased bacterial biomass
during the biodegradation process. The high number of viable cells into the beads enabled a high
rate of fluoranthene removal from the medium when compared to free cells.

This novel bioproduct developed in this study is a low-cost, efficient, eco-friendly, practi-
cal, and potentially suitable for an industrial scale, offering an innovative approach for
bioremediation of areas contaminated with fluoranthene.
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