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NEW APPROACH FOR n-HEXADECANE BIODEGRADATION
BY SOL-GEL ENTRAPPED BACTERIAL CELLS

NOWE PODEJSCIE DO BIODEGRADACJI n-HEKSADEKANU
PRZEZ KOMORKI BAKTERYJNE UWI EZIONE
W MATERIALE ZOL- ZELOWYM

Abstract: In this study sol-gel hybrid materials in the systSiQ-chitosan (CS) - polyethylene glycol (PEG), as
novel structures with potential application in leiorediation were investigated. The organic compane@tS and
PEG were used as structural modifiers for functfiopnamprovement. The catabolic activity to n-heradne of
Pseudomonas aeruginosa BN10 free and immobilized cells was estimated. @é&léimmobilization technique was
employed to evaluate its efficiency on biodegramtatind protective effect from high levels of hydmdions. The
characteristics of obtained hybrid materials wereestigated viaX-ray Diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), Scanning Electron mecopy (SEM) andAtomic-force microscopy (AFM)
analyses. The obtained results revealed that thanar part in the synthesized hybrids is importéort
microstructure and defined properties creation. rHte of n-hexadecane mineralization by the bagdtstiain was
influenced by variation in cell densities appliadiie immobilization procedures. Semi-continuowEpsses with
multiple xenobiotic supplies were carried out. Blyathesized by the sol-gel method hybrid matricesed to be
suitable carriers for realizing an effective biodetation process of n-hexadecaneRsgudomonas aeruginosa
BN10. Biodegradation of 50 kgfof n-hexadecane was realized by free cells. Sigmifly greater quantity
(150 kg/nf) was mineralized for 15 active cycles by entrappacterial cells. Biodegradation process with geadu
increase of xenobiotic concentration reaching 3@nkdpr 120 h was also accomplished.

Keywords: biodegradation, n-hexadecane, hybrids, solRgelidomonas aeruginosa

Introduction

Pollution, due to petroleum oil, is a prevalentleg@al hazard and hence, microbial
degradation of hydrocarbons remains a top issueTli§ occurrence of oil contamination
in the environment is very common. Petroleum oihtams high levels of persistent
hydrocarbons which can negatively affect ecosystenfexadecane comprises the largest
part of the aliphatic fraction of petroleum oil. & lbility of microorganisms to degrade
pollutants due to their diverse metabolic capaéditis an evolving approach for the
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removal of many environmental pollutants includithg products of petroleum industry
[2, 3]. Biodegradation by microorganisms represemts of the primary mechanisms by
which petroleum and other hydrocarbon pollutané tan be found in rivers, as a result of
routine petroleum activities or by accidental gills can be removed from the environment
[4]. Both aliphatic and aromatic fractions are veften found in nature under oil forms and
represent a real danger of pollution for the emmnent due to the difficulty of their
biodegradation [5-7].

The sol-gel route becomes one of the traditionathods for synthesis of different
types of hybrid materials - functional drug deligecarriers, mesoporous adsorbents,
coatings and thin films for corrosion protectiomgsensors, nanomaterials etc. [8, 9]. In the
last few years it was established that hybrid neerbased on silica are suitable for
immobilization of different biological objects [LOTThe silica material could be easily
prepared via sol-gel method, as its functionalibd ebiocompatibility depends on the
organic part involved [11]. Chitosan in combinatiwith polyethylene glycol is an organic
mixture, which is applied in different biotechnolcel schemes due to their
biocompatibility, biodegradability and reactivityPEEG, containing hydroxyl groups and
chitosan - hydroxyl and amino end groups for whishestablished that they posses
different affinity to biological objects). Influeecon bioactivity plays the length of the
organic chain - the long chains exhibit reducedugabf free reactive groups [12]. The
combination of these organic components with thieasinetwork allows formation of
hybrid structures, exhibiting improved properti€hey possess properties of both organic
and inorganic constituents such as good permeglsktectivity, mechanical strength, and
thermal and chemical stability, as well as gooddgjiwal compatibility [13]. A wide range
of polymers have been tested in the attempt to Ildpveupports for successful cell
immobilization with different purposes [14, 15]. imobilized cells have been used and
studied for the bioremediation of numerous toxierofcals. Immobilization not only
simplifies separation and recovery of immobilizesllx but also makes the preparations
reusable which reduces the overall cost [16]. Imitirattion results in an increased contact
between cells and hydrocarbon droplets. Diaz efl14l] report that immobilization of
bacterial cells enhances the biodegradation rateusfe oil compared to free living cells in
a wide range of culture salinity.

The aim of the study was to synthesize novel hybvéderials by the sol-gel method in
the system Si@chitosan (CS) - polyethylene glycol (PEG) and $e them as matrices for
immobilization ofPseudomonas aeruginosa BN10 for realization of an effective xenobiotic
biodegradation process.

Materials and methods

Microorganism, media, cultivation

Pseudomonas aeruginosa strain BN10 was maintained on nutrient agar slébtfco
Laboratories, Detroit, Ml, USA) at 4 °C. Startingltures were prepared by transferring
bacterial cells from the storage culture to 250° dimsks containing 50 dimof nutrient
broth and incubation at 30 °C and 150 rpm on aryoshaker for 7 days. Mineral salt
medium with the following composition: KPO,- 3HO (7.0 kg/m); KH,PO, (3.0 kg/m);
(NH,),S0; (1.0 kg/nf); MgSQ,- 7H,0 (0.2 kg/ni) were used. The pH value of the medium
was adjusted to 7.0. The carbon source was n-heaadg1l % v/v) which was sterilized
through 0.2 um membrane filters (Milipore Corp.dBed, Mass) before its addition to the
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medium. Microorganism growth was monitored by measguthe optical density at 610 nm
(ODe¢19).

Hybrid synthesis and structural investigations

For preparation of silica hybrid materials with fi@pation of chitosan and
polyethylene glycol the following components wersed: tetraethylorthosilicate (TEOS,
98 %), chitosan (CS, DD, 75 %), acetic acid (99.3, %olyethylene glycol (PEG,
MW 400), calcium chloride (Ca&l198 %), buffer solution (FICSAL, pH 7.0, contaigin
NaHP Q- 2H,0-KH,PQy), hydrochloric acid (HCI, 37 %), distilled watetH,0).

The ratios of initial components used for preparatf the desired hybrids were:

- TEOS/CS/PEG = 1/0.056/0.056 (SiCSPCal)
- TEOS/CS/PEG = 1/0.333/0.333 (SiCSPCa2)

Cells immobilization

A poly-step sol-gel procedure was performed attiricontrolled conditions in order
to obtain the desired materials.

Bacterial cells were harvested by centrifugation8800 x g and re-suspended in
phosphate buffer (0.06 M, pH 7.0 at 20 °C) to abtaicell density of 3.0-1bg™ carrier
material and were added to the precursors solufidre dni of cell suspension were
introduced in the flasks for implementation of grecess of n-hexadecane biodegradation.

The mixture was introduced into a mould made of tfhed glass plates and the
polymerization was allowed to proceed at ambiempierature for 20 min. The 3 mm thick
gel, containing entrapped cells was cut into blazkapproximately 3 x 3 x 3 mm. The gel
particles were washed with distilled water andtfertused for conveying semi-continuous
cultivation in 250 dr flasks. Xenobiotic was supplied at the beginnifigach reaction
cycle.

n-hexadecane biodegradation

Biodegradation of hexadecane was measured as agbsiepletion. Whole cultures
(50 dni) were extracted with the same volume of n-hexab@ @n?) and residual
xenobiotic (n-hexadecane) was quantified by gasrohtography using a Hewlett-Packard
model 5859 instrument equipped with a flame iomnizatetector.

Results and discussion

Sol-gel hybrid matrices characterization

Hybrid sol-gel matrices were synthesized and tbgircture was examined. The phase
composition of obtained hybrid materials was iniggded via X-ray diffraction analysis
(Fig. 1). The patterns presented halo around 2%he&tal which is due to formation of
amorphous Si-O-Si network. The absence of oth@msive peaks and sharpness of the
halo are associated with even distribution of theduorganic components.

In the obtained FTIR spectra (Fig. 2) the charéstierpeaks of the main units in the
hybrid structures of silica network (asymmetric ayimmetric stretching vibrations - at
1080 cm' and 450, 560, 790 ¢ respectively) were established. Due to the agplie
synthesis technique at ambient conditions, on ffikRFspectra also exist peaks of Si-OH
(950 cm®) andH-OH groups (~1640 and 3400 thn
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Fig. 1. XRD patterns of obtained silica hybrid miits: 1) SICSPCal and 2) SICSPCa2
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Fig. 2. FTIR spectra of synthesized hybrid matsrial- SICSPCal and 2 - SICSPCa2

The peak with reduced intensity at 1450 tiis associated with amino groups of
chitosan. The typical peaks of this organic comporemrresponding to C-OH and C-C
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units are in the range of 1000-1200 &nSignificant difference between the two spectra is
associated with the peak at 1760 ti$iCSPCal), which corresponds to the added PEG.
The absence of this peak with increasing the oogealue can be associated with potential
interaction between PEG and the other organic coepto Furthermore, increased
intensity of the peak at 1640 chwhich can confirm potential interaction betweée t
amino groups of CS and end groups of PEG is visibie microstructure of synthesized
hybrids was visualized by SEM (Fig. 3). The miceggis presented differences in the
structure with variation of the organic values.

a)

Fig. 3. SEM micrographs of synthesized hybrid matgra) SICSPCal, b) SiCSPCa2
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The surface of hybrid SiCSPCal presented formatbnsmooth, homogeneous
structure, based on silica network into which oigaparticles are evenly distributed.
Increasing the organic values led to formation ahamogeneous structure with huge
amount of particles and aggregates on the hybri@cel The roughness can be associated
with potential interaction between the used orgasimponents, which is established from
the FTIR spectra. As a result of the interactionagl organic chains are formed.
Furthermore, scientific reports showed, that witleréasing the pH of hybrid sols (by
addition of buffer solution), the chitosan unite ahrunk [18]. Due to this property of CS
the shrinkage of the organic chains led to fornmatibaggregates, which are visible on the
micrograph.

e

Fig. 4. AFM images of synthesized hybrid materia}sSiCSPCal, b) SiCSPCa2
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The surface characteristics of obtained hybrid nelte were followed by AFM.
The 2D and 3D micrographs, which are presented ignr& 4 reveal formation of
homogeneous structure, with evenly distributed migg@articles (SICSPCal) and rough
surface (SiICSPCa?2). The obtained results are iordance with SEM investigations.

The results presented on Figure 5 showed, thapdiniicle size (topo on x axis) for
sample SiICSPCal varied between 10 and 150 nm,egsatte evenly distributed on the
surface (z on axis y). With increasing the orgaratues and due to influence of buffer
solution the particles size became from 200 to 12800
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Fig. 5. Roughness analysis of synthesized hybrigmnads: a) SICSPCal, b) SiCSPCa2
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n-hexadecane biodegradation by free and entrappecelts

Degradation of n-hexadecane using freely-suspeeéd and immobilized cells of
Pseudomonas aeruginosa strain BN10 at equal initial concentrations of tkenobiotic
(10 g/dnf at the beginning of each cycle) and under singitarditions was monitored at the
end of each reaction cycle by using gas chromapbgra

Free cells of the investigated strain showed thesty twere capable to degrade
n-hexadecane for 5 active cycles in a semicontisunade of operation. Each cycle began
with the addition of 10 g/di of the xenobiotic. During this period almost
50 g/dni n-hexadecane were degraded by the free celsaidomonas aeruginosa strain
BN10. The first three cycles ended for 48 h urdtht depletion of the xenobiotic added
(Fig. 6a). The process was gradually retarded duhe fourth cycle (duration of 72 h) and
fifth cycle (96 h). This fact was due to decreaséhie vitality and catabolic capability of
free cells. The end of each cycle was marked whmost the whole hexadecane quantity
was depleted. The degraded quantity was 30 Yfdnthe first three cycles, 9 g/drfor the
fourth cycle and 5 g/dfrfor the fifth cycle.

Immobilization technique was applied realizing greduction of active preparations
by the sol-gel method. Preliminary experiments weseried out for entrapment of the
bacterial cells in both synthesized matrices wharealed the advantage of the carrier with
higher percent of organic constituents [19]. Stegpon these results SICSPCa2 was
involved in our study. SICSPCa2 is used for thstfiime for immobilization of the
investigated strain. Two and three-fold inceasdiddemsities (6.0 - 18 g™ carrier material
and 9.0 - 18 g* carrier material) were prepared and used and ffleetavas followed.
Concentration of 6.0 - g™ carrier material appeared to be the most apprepfia our
purpose. Probably the increased concentrationdddnidered mass transfer and the lowest
one was insufficient.

Intensification of the biodegradation processes waBieved by employing cells
entrapment. Fifteen consecutive active cycles diexadecane biodegradation were
successfully performed by the immobilized cellsat-gel hybrids. The overall amount of
degraded xenobiotic was almost 150 gidRig. 6b).

These experiments were also performed by the additi increasing concentrations of
n-hexadecane at the beginning of each cycle froto 80 g/dm. The experiments
demonstrated that the immobilizedseudomonas aeruginosa BN10 cells have high
catabolic ability up to a concentration of 30 gfd(fig. 6¢c). Certain increase in the
biodegradation rate was established for the fiystes and a slow decrease in the rate was
registered when a slight inhibition of the process observed at the highest concentration.

Based on the results obtained, it can be concluldadimmobilized cells can resist
higher concentrations of n-hexadecane and exhiilitelh degradation rate compared to free
cells. Liang et al. [20] also reported that immiation in activated carbon biocarrier
increased the biodegradation of crude oil, badtpapulation and total microbial activity.
Immobilized systems created were found to be thetreaccessful in terms of percentage
removal of the xenaobiotic after 15 active cycle®pération.
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In addition, both free and immobilized cells degrad 00 % of the added hexadecane
within 48 h but the effectiveness of the immobitizeells for xenobiotic biodegradation
was three times higher. The synthesized by thegslbimethod hybrid structures ensure
good stability and performance of the cells enteapthere in, allowing the substrate to
penetrate and to be biodegraded. Omar and Rehmr¢pafted thaCandida parapsilosis
and Penicillium frequetans when immobilized on granular clay in columns, efffesly
degraded C12 to C18 alkanes with residuals of &83P.3 %. According to Emtiazi et al.
[22], biodegradation of petroleum oil by d&seudomonas sp. isolated from
a petroleum-contaminated soil after immobilization perlite, were more stable for oil
degradation. Gentili et al. [23] used chitin andtatan flakes for immobilization of
Rhodococcus corynebacterioides QBTo. These supports are natural, nontoxic, nonpobutin
and biodegradable that are obtained from shrimpd arabs. Immobilization of
R. corynebacterioides QBTo increased significantly the crude oil biodegrada{i23].

Pseudomonads are the best known bacteria capable of utilizindgrbgarbons as carbon
and energy sources and producing biosurfactants P5]. In a previous study,
Pseudomonas aeruginosa BN10 was proved to produce rhamnolipid type ofshifactants
[26]. Biosurfactants increase the oil surface af@eouring the availability of oil for
bacteria to utilize it [27]. The immobilized celi®t only showed a higher efficiency of
hexadecane degradation than free cells but costdddgrade higher concentrations of this
xenobiotic. This effect was also discussed by Dk @handran [28]. Similar results were
reported for petroleum hydrocarbon degradation Wwébterial spores entrapped in chitosan
beads [15]. In our case we suggest that the rhapid®Isynthesized by the strain (data not
shown) also enhance n-hexadecane biodegradatidimd®aet al. [25] showed that there
was no decline in the biodegradation activity af thicrobial consortium on the repeated
use, but the results for free and immobilized girate beads cells were comparable. In our
case the difference in the ability of entrappedscahd free cells at repeated use was much
greater. However, it was concluded that immobilaabf cells in sol-gel hybrid structures
is a promising application in the bioremediatiorhgfirocarbon contaminated sites.

Bioremediation is an eco-friendly method for remnmayiof oil spills since it allows
complete mineralization of pollutants [29], so ttge with application of the
immobilization technique could be an effective butnological scheme for pollutants
detoxification.

Conclusions

Silica hybrid materials with participation of chémn and polyethylene glycol were
synthesized via sol-gel technique. The obtainedcires were amorphous, with evenly
distributed organic particles throughout the inmiga network. The variation in
inorganic/organic ratio showed that increasingrgfaic values lead to formation of rough,
nonhomogeneous structures and the carrier withehiglrcent of organic constituents was
chosen.

The synthesized by the sol-gel method hybrid medrappeared to be suitable carriers
for realizing an effective biodegradation proceds nehexadecane byPseudomonas
aeruginosa BN10. This approach overcomes some problems wathilgy, reuse and long
term cell viability encountered with free cells. érafore, the immobilization method has
been proven to be an effective system for the bhiediation of n-hexadecane used
as a model compound of the aliphatic fraction dfgdeum oil.
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