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The natural attenuation of hydrocarbons can be hindered by their rapid dispersion in the
environment and limited contact with bacteria capable of oxidizing hydrocarbons. A func-
tionalized composite material is described herein, that combines in situ immobilized alkane-
degrading bacteria with an adsorbent material that collects hydrocarbon substrates, and
facilitates biodegradation by the immobilized bacterial population. Acinetobacter venetianus
2AW was isolated for its ability to utilize hydrophobic n-alkanes (C10–C18) as the sole car-
bon and energy source. Growth of strain 2AW also resulted in the production of a biosurfac-
tant that aided in the dispersion of complex mixtures of hydrophobic compounds. Effective
immobilization of strain 2AW to the surface of OttimatTM adsorbent hair mats via vapor
phase deposition of silica provided a stable and reproducible biocatalyst population that
facilitates in situ biodegradation of n-alkanes. Silica-immobilized strain 2AW demonstrated
ca. 85% removal of 1% (v/v) tetradecane and hexadecane within 24 h, under continuous
flow conditions. The methodology for immobilizing whole bacterial cells at the surface of an
adsorbent, for in situ degradation of hydrocarbons, has practical application in the bioreme-
diation of oil in water emulsions. Published 2011 American Institute of Chemical Engineers
Biotechnol Prog., 000: 000–000, 2011
Keywords: acinetobacter, adsorbent mat, hair, immobilized cells, silica, biosurfactant, long-
chain hydrocarbons

Introduction

According to a report issued in 2002 by the National

Research Council, �380 million gallons of crude and proc-

essed petroleum finds its way into the World’s oceans each

year. About 60% of the total derives naturally from seepages

out of the ocean floor; the rest comes from human activ-

ities.1 Oil spills that occur as a result of accidents or envi-

ronmental disturbances create significant economic issues

and often long-term ecological impact.2 The collection and

recovery of oil following such events is often a laborious

and time-consuming task that can be hampered as volatile

components evaporate to leave compounds that may sink as

dense non-aqueous phase liquids or be deposited as tar

balls.3,4 Many schemes have been proposed over the years to

collect, disperse, or neutralize crude oil released into the

environment. The methods may incorporate physical collec-

tion (such as adsorbents) chemical disruption (i.e., the use of

surfactants), or even burning the hydrocarbons on the sur-

face. Physical collection, merely transfers oil from one loca-

tion to another (e.g., from the ocean to a landfill), where

appropriate treatment and handling raise additional burdens

(e.g., incineration, long-term containment). In addition, the

chemical dispersants used in oil spill situations have histori-

cally proved controversial due to the potential toxicity to

aquatic and marine organisms.5–8

A biological method of oil cleanup using natural oil-degrad-

ing microorganisms offers an environmentally sustainable alter-

native to chemical methods of remediation.9–11 Although

biotransformation of petroleum is readily demonstrated in labo-

ratory experiments, the marine environment is especially diffi-

cult for bioremediation by natural attenuation due to the

complex interaction of multiple factors including physical dis-

persion (e.g., oil movement due to wave action), weathering,

temperature fluctuations, variability in water salinity, and acces-

sibility to organic nutrients.10,12 Bioremediation efforts, there-

fore, often rely on seeding an area with oil-degrading

microorganisms and nutrients, but retaining the nutrients and

microorganisms in close proximity with the contaminating oil

can be challenging. In addition, exogenous bacteria often
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struggle to compete with the indigenous population when in

direct competition.11,13

Various adsorbent materials have been demonstrated to

adsorb petroleum hydrocarbons.14–16 Many commercial

derivatives, however, are designed only to collect oil, which

subsequently requires the adsorbent to be handled as toxic

waste. Certain adsorbent mats are designed to be reusable af-

ter the oil is recovered from the matrix. Many natural and

synthetic polymeric matrices have been investigated for

whole-cell immobilization and used in manufacturing of

commodity chemicals and pharmaceuticals, but their use for

the bioremediation of oil has been limited.17–23 Herein, an

adsorbent material made from human hair (OttimatTM) was

selected as a model adsorbent. The material has United

States Environmental Protection Agency and United States

Coast Guard approval for use as an adsorbent for environ-

mental oil contamination response (http://www.ottimat.com).

The material’s distributors market Ottimat as an alternative

to commonly used polypropylene pads and claim comparable

price and significant performance advantages, in particular

the ability to ‘‘wring’’ and reuse hair-based mat [100 times.

In an effort to demonstrate enhanced functionality of such an

adsorbent material, a model oil-degrading bacterial strain

was immobilized to the adsorbent via a process for vapor-

phase deposition of silica.24 The adsorbent will adsorb oil

and then provide a convenient reservoir to feed substrate to

the surface-immobilized bacteria. The method of cell immo-

bilization provides a homogenous population of bacterial

cells at a high and defined cell density that eliminates the

significant time typically required for the establishment of

the bacterial community. In this approach, the immobilized

cells are also protected from weathering and the elements

that may wash away the microbes in open water applica-

tions. The methodology provides means to affix bacteria

with a selected metabolic or catalytic capability to compati-

ble materials surfaces. The result mimics the biology of nat-

ural occurring oil-degrading bacteria that would exist as

complex biofilms, microbial mats and coatings of oil-degrad-

ing bacteria on seaweed.25–27

Materials and Methods

Chemicals and materials

All reagents used were analytical grade and obtained from

Sigma–Aldrich (St. Louis, MO) unless otherwise stated. Otti-

matTM bricks were supplied as a gift by World Response

Group (Huntsville, AL). Uniform samples of the OttimatTM

adsorbent material were prepared for all experiments and are

described as ‘‘adsorbent’’ throughout. A sample of used

motor oil was used as a representative of a viscous mixed

petroleum hydrocarbon derived from crude oil.

Isolation of hydrocarbon-degrading microbial

species from environmental samples

Seaward facing, beached oil samples were collected on

May 22, 2010, from the South end of the Elmer’s Island

Wildlife Refuge in Louisiana. Marine agar (MA) (Difco Lab-

oratories, Detroit, MI) was used as a complete medium for

bacterial cultivation. Bushnell-Haas (BH) (Becton Dickinson

3 Laboratories, Sparks, MD) agar (Difco) supplemented with

1% v/v hexadecane was used to isolate and assess microbial

hydrocarbon degradation. Approximately 10 lL of the envi-

ronmental sample (oil or oil–water mix) was spread on MA

and BH plates using a quadrant streak method. Plates were

incubated for 18 h at 30�C. Colonies were isolated based on

morphology and replated to produce pure cultures.

The individual isolates were identified using 16s rDNA

sequence analysis. Following the isolation steps above, indi-

vidual colonies from pure culture plates were added to 5 mL

of Marine broth (MB) and incubated with shaking for 18 h

at 30�C. Genomic DNA was isolated from cultures by alka-

line lysis, followed by isopropyl alcohol precipitation and

ethanol (70%) washes. Extracted DNA was used as a tem-

plate for a polymerase chain reaction (PCR) as follows: 1 lg

template, 1 U Failsafe Enzyme mix (EpicentreV
R

Biotechnolo-

gies, Madison, WI), 2� Failsafe Premix E, 2 mM 27F, and

1492R universal bacterial primers. PCR conditions were as

follows: 94�C for 5 min; 20 cycles of 94�C for 30 s, 50�C

for 30 s, 72�C for 90 s, and 72�C for 7 min. The nucleotide

sequences of the PCR products were determined and then

checked for identity shared with 16s rDNA sequences in

GenBank using the nucleotide BLAST algorithm (National

Center for Biotechnology Information; NCBI).

Bacterial cultivation and characterization

Acinetobacter venetianus 2AW was cultured aerobically in

BH broth (Becton Dickinson Laboratories) supplemented

with tetradecane and hexadecane (1:1) at 1% v/v of each

alkane unless stated otherwise. Cultures were incubated in

baffled shaker flasks at 30�C with shaking (220 rpm) and

growth was monitored by measuring the increase in optical

density (600 nm) using a Cary 3E spectrophotometer (Var-

ian, Palo Alto, CA). Gram staining was performed using a

ProtocolTM Gram stain set (Fisher Scientific, Pittsburg, PA)

according to the supplier’s instructions. Oxidase activity was

determined using a BBLTM DryslideTM Oxidase test (Becton

Dickinson Laboratories).

Preparation of immobilized cells

A. venetianus strain 2AW was cultured as described above

and harvested at late-log phase (OD600 ca. 5.0) by centrifu-

gation, washed (3�), and resuspended in phosphate buffered

saline (PBS) (PBS composed of NaCl 8.0 g, KCl 0.20 g,

NaH2PO4 1.4 g, KH2PO4 0.24 g in 1 L of deionized water

[pH 7.0]) to final OD600 of ~5 (corresponding to 1.2 � 109

colony forming units (CFU) mL�1 as determined by serial

dilution and plate counts). OttimatTM adsorbent samples

were cut using a core punch (22 mm diameter, 1 g dry

weight) and sterilized in PBS. For silica-immobilization of

bacterial cells, the sterilized adsorbent material was placed

into a glass dish (50 mm � 15 mm) modified with a central

glass well (28-mm diameter) designed to hold the adsorbent

plugs. The harvested and washed bacterial cells were applied

to the adsorbent material (5:1 v/w) to completely wet the

surface. Tetramethylorthosilicate (TMOS; 1 mL) was depos-

ited in the outer ring of the glass dish. Glass beads (3-mm

diameter borosilicate, Kimble Chase, Vineland, NJ) were

added to the outer well to increase the surface area for evap-

oration of the TMOS (Figure 1). The glass dish was covered,

sealed, and incubated for 60 min at 37�C. Physisorbed con-

trols (no immobilization with silica) were prepared in the

same manner but in the absence of TMOS. Untreated sterile

adsorbent material was used for abiotic controls.

Alkane degradation studies

Adsorbent material functionalized with bacterial cells were

prepared as described above and added to 50 mL growth
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medium (250 mL shake flask) with hexadecane and tetradecane

as carbon and energy sources (1% v/v of each). The flasks were

incubated at 30�C with shaking (150 rpm) for 24 h. Following

incubation, the culture supernatants were clarified by centrifu-

gation (10,000�g for 20 min at 4�C) and extracted into hexane

(3� 50 mL). The extracts were concentrated to near dryness on

a rotary evaporator (35�C) and then dissolved in hexane (0.5

mL final volume). Hydrocarbon was similarly extracted from

the adsorbent material by extraction into hexane. Hydrocarbon

concentrations were determined using a 6890N Network GC

system with a 5973 Mass Selective Detector (Agilent Technol-

ogies, Santa Clara, CA). Samples (1lL) were injected using

split mode into a HP-5MS GC column (30 m� 0.25 mm� 0.25

lm) with a helium flow rate of 0.8 mLmin�1. The oven temper-

ature was set initially at 150�C for 2 min and then increased to

280�C at 10�C min�1. Tetradecane and hexadecane eluted at

3.5 and 5.7 min, respectively. Results are presented as residual

hydrocarbon concentration (mM) following a fixed incubation

time, unless otherwise stated. The hydrocarbon concentration

was determined by comparison with standard curves generated

for both alkane substrates (slope of concentration vs. peak area

¼ 1.04� 109� 2.62� 107, r2¼ 0.9987).

The extraction efficiency for recovery of hexadecane and

tetradecane into hexane was determined in abiotic control

samples and confirmed the recovery of~98% of the substrate.

Similarly, the ability to extract alkanes from the adsorbent

mats was also tested in abiotic controls and extraction effi-

ciency[90% (91.3 � 12.5) was achieved.

For flow-through experiments, 1.0 g of sterile adsorbent

material was functionalized with bacteria as described above

and placed securely into the base of a plastic syringe

(60 mL, Becton Dickinson Laboratories). Sterile PBS (1 L)

was pumped through the adsorbent samples at a flow rate of

5 mL min�1 using an up-flow continuous flow method. The

elution of unattached cells from the hair mats was measured

by optical density and serial dilution of the mobile phase.

The PBS wash was then switched to a feed containing 0.5%

(v/v) tetradecane and hexadecane (1:1 ratio in 1 L of 10%

BH broth) and recycled continuously for 24 h (5 mL min�1).

Unreacted alkanes in the adsorbent mats and in the liquid

fraction were extracted into hexane as previously described

for batch experiments and analyzed using GC-MS.

Purification and characterization of the

biosurfactant activity

To purify the biosurfactant activity, strain 2AW was cul-

tured as described above and the cells harvested at late log

phase by centrifugation (10,000�g for 20 min at 4�C). The

cell-free supernatant was mixed with ammonium sulfate

(60% saturation) and incubated for 1 h at room temperature

as described previously for the purification of biosurfac-

tants.28 The precipitate was collected by centrifugation

(5,000g for 30 min at 4�C) and dialyzed extensively against

deionized water (5 L total) at 4�C using a Slide-A-Lyzer di-

alysis cassette with a 10K molecular weight cutoff mem-

brane (Thermo Fisher Scientific, Rockford, IL). The dialyzed

biosurfactant was stored at �20�C. The emulsifying activity

of the biosurfactant was measured using a previously

described method for emulsification of hexadecane and 2-

methylnapthalene.28

Microscopy and cell viability

Samples for scanning electron microscopy (SEM) were

washed overnight in PBS at room temperature to remove

any cells that were not attached. Samples were fixed in glu-

taraldehyde (2.5% in 0.1 M cacodylate buffer, pH 7.4) and

dehydrated with a step-wise increase in ethanol concentration

(50, 70, 80, 90, and 100%) before drying in an

Autosamdri
VR
-815 critical point dryer (Tousimis Research

Corporation, Rockville, MD). SEM samples were coated

with gold for 30 s using a Desk V sputter coater (Denton

Vacuum, Moorestown, NJ) and imaged using a Hitachi

S2600N SEM (Hitachi High Technologies America, Pleasan-

ton, CA). Imaging of Gram stained cells was performed on a

Motic BA-300 light microscope equipped with a 5 MP cam-

era (Motic North America, Richmond, BC, Canada). Bacte-

rial viability was assessed using the LIVE/DEAD
VR

BacLightTM bacterial viability kit (Invitrogen, Carlsbad,

CA). Samples were washed in saline (0.85%) to remove

phosphate buffer before fluorescent staining and also to

remove excess dye after staining. Samples were visualized

using a Zeiss Axioskop 40 FL (Carl Zeiss Microimaging,

Thornwood, NY) fluorescence microscope for green (live)

and red (dead) fluorescence. Neutral lipids within the bacte-

rial cells and the extracellular biosurfactant were stained

with Nile Red (7-diethylamino-3,4-benzophenoxazine-2-one)

by incubating Nile Red (10 lL of 1 mg mL�1 stock in ace-

tone) with 0.5 mL samples. Samples were stained for 5 min,

washed, and then examined using fluorescence microscopy.

Bacterial viability was assayed using the BacTiter-GloTM

(Promega, Madison, WI) assay based on the quantification of

ATP luminescence. Washed cells at a range of dilutions

(OD600 from 0.0005–0.5) were prepared by serial dilution

and mixed with an equal volume of BacTiter-Glo reagent in

black polystyrene 96 well assay plates (Costar
VR
, Corning,

NY). Luminescence was measured at 25�C at 5 min intervals

Figure 1. Schematic for silica-immobilization of bacterial cells to adsorbent material; Untreated hair fibers within the adsorbent
material (A), reaction vessel for vapor phase formation of silica on hair fibers (B), and hair fibers coated with silica (C)
(Scale bars 5 50 lm).
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over a period of 40 min using a Synergy 4 hybrid plate

reader (Biotek, Winooski, VT). The same cell dilutions were

cultivated overnight at room temperature on agar plates and

cell counts determined by colony counting. Relative lumines-

cence units (RLU) were plotted against colony counts (CFU

mL�1) to create a standard curve for viable cell counts

(slope ¼ 0.0168 � 0.0003, R2
¼ 0.9969).

Results and Discussion

Isolation and characterization of alkane-degrading bacteria

The enrichment cultures seeded with beached oil samples

provided a single strain that grew aerobically with medium

chain alkanes (C10–C18) but showed no growth with polycy-

clic aromatic hydrocarbons (Figure 2). The cell morphology

showed coccobacilli (short rods) that stained Gram negative

and tested oxidase negative. The 16S rDNA sequence shared

99% identity with A. venetianus (GenBank Accession

AM909651) and the isolate was subsequently designated A.
venetianus 2AW (GenBank Accession JF412205).The ability

of strain 2AW to use long-chain alkanes as a carbon source

demonstrates its utility in the degradation of complex petro-

leum products such as crude oil. Similarly, significant bacte-

rial growth was observed within 24 h with motor oil as the

sole carbon and energy source (Figure 3). The abiotic culture

showed no increase in optical density over time and the oil

remained as a ‘‘slick’’ on the liquid surface. The culture ino-

culated with strain 2AW, however, showed visible microbial

growth over a period of 24 h (OD600 ¼ 0.64 � 0.12) and the

oil at the liquid–air interface dispersed into small micelles.

The ability of the culture to disperse the oil layer is evident

long before visible growth of the culture is observed (Figure

3B). The micelles were stable and could be collected,

stained, and visualized without losing their mechanical integ-

rity. Microscopic visualization of the micelles revealed an

oil-in-water emulsion consisting of oil droplets with bacteria

cells adhered directly to the hydrocarbon (Figure 3C).

Characterization of the biosurfactant activity

Nile red staining and microscopy revealed orange-red fluo-

rescence with bacterial cells grown on alkanes. The

Figure 2. Growth of Acinetobacter venetianus 2AW with n-alkanes of various carbon chain lengths; dodecane (l), tetradecane (n), and
hexadecane (~).

(A); Correlation of bacterial growth and tetradecane degradation (B); growth substrates for strain 2AW (C).

Figure 3. Acinetobacter venetianus 2AW growing in liquid culture with used motor oil as the sole carbon and energy source vs. an abi-
otic control (A); the appearance of micelles at the oil/water interface (B); the adhesion of Acinetobacter venetianus 2AW to
oil droplets as observed by Nile red staining (C).
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fluorescence apparent in the micrographs emanates from

stained lipid moieties and indicates the production of a bio-

surfactant in 2AW (Figure 3C). Similar fluorescence staining

has been observed for the extracellular bioemulsifier (emul-

san) produced by the prototypical oil-degrading bacteria, A.
venetianus RAG-1.29–33 Many Acinetobacter spp. produce

biosurfactants (also termed bioemulsifiers) that aid in the ad-

hesion to, and degradation of, hydrophobic substrates by

reducing surface tension and increasing micelle forma-

tion.12,30,34,35 Thus, Acinetobacter spp. and their associated

biosurfactant activity are commonly employed for in situ
remediation of oil spills.5

The biosurfactant activity associated with A. venetianus
2AW was isolated from culture supernatant and examination

results showed it shared similarity to biosurfactants produced

from other Acinetobacter spp. Many biosurfactants are com-

plex mixtures of polysaccharides, proteins, and glycolipids.34

The emulsan from the A. venetianus RAG-1, e.g., is an

extracellular glycoprotein that displays esterase activity.29

The emulsan-like activity from strain 2AW was protein-

based and provided esterase activity, consistent with previ-

ously described emulsifying action. The preparation demon-

strated a relatively high bioemulsifying activity of 330 � 77

U mg�1 protein (n ¼ 3), based on a standard method for

emulsification of hexadecane and 2-methylnapthalene and

compared with the reported activity of the bioemulsifier (ala-

san) from A. radioresistens KA53 (712 U mg�1).28 The

behavior and appearance of strain 2AW cultures were con-

sistent with its production of biosurfactant compounds that

will enhance the organism’s use of complex hydrocarbons

for growth.

Immobilization of A. venetianus 2AW to absorbent mats

We examined the utility of combining bacterial metabo-

lism and physicochemical sorption in biodegradation applica-

tions by using a method to fix strain 2AW on a bio-derived

material that adsorbs oil. Commercially available adsorbent

mats fabricated from pressed human hair fibers (OttimatTM)

were selected as the model adsorbent and scaffold for bacte-

rial immobilization. The adsorbent matrix sequesters hydro-

carbons within the material, allowing degradation to take

place in situ. A. venetianus 2AW was prepared at a defined

cell density (1.2 � 109 CFU mL�1) and the cells incubated

with the material either in the absence (physisorbed) or pres-

ence of TMOS vapors (silica-immobilized). The vapor-phase

TMOS forms a matrix of silica particles that aids attachment

and retention of the bacterial cells directly to the hair fibers

of the adsorbent mats (Figure 4).24 The chemical vapor

deposition of silica was recently demonstrated as a versatile

and simple method for the immobilization of a wide range

of biological molecules, including whole bacterial cells.24,36

High-resolution imaging of the materials using SEM

revealed an even coating of bacterial cells at the surface of

the hair fibers that constitute the adsorbent material. The

physisorbed bacterial cells are clearly visible on the hair

fibers and become immobilized by an even coating of silica

(Figure 4). The retention of cellular activity following im-

mobilization was determined by monitoring the removal of

n-alkane substrates. The residual concentrations of hexade-

cane and tetradecane were determined after 24 h incubation

with bacteria-coated adsorbent (Figure 5). The rates of

alkane removal were significantly greater for silica-immo-

bilized cells compared with the physisorbed and abiotic con-

trols. Approximately 60% of tetradecane and hexadecane

remained after 24 h incubation with physisorbed cells from

an initial concentration of 0.5% v/v (19 and 17 mM for tetra-

decane and hexadecane, respectively). For silica-immobilized

cells, however, \16% of the initial tetradecane and 14% of

the initial hexadecane remained after the same time period,

relative to the abiotic control. The calculated rates corre-

spond to conversion of ~0.8 and 0.7 mM h�1 for tetradecane

and hexadecane, respectively, at a flow rate of 5 mL min�1

and with a corresponding residence time of 1 min.

It was clear from SEM imaging that a high loading of

bacterial cells was achieved on the adsorbent by physisorp-

tion alone, but the cells were visibly removed from the ad-

sorbent by gentle washing. Silica-immobilized cells, by

comparison, were not readily removed from the adsorbent

material. As such, immobilization of bacterial cells was

investigated as a mechanism to enhance biodegradation dur-

ing continuous flow conditions.

At the onset of continuous flow experiments, the adsorbent

mats were washed extensively with buffer. The presence of

cells in the mobile phase was highest for physisorbed sam-

ples (OD600 ¼ 0.145 � 0.011) compared with the silica-im-

mobilized samples (OD600 ¼ 0.072 � 0.013) and the abiotic

control (OD600 ¼ 0.009 � 0.002). Adsorbent with physi-

sorbed cells and silica-immobilized cells continuously

exposed to recycled flow of tetradecane/hexadecane provided

activity consistent with the batch incubation experiments.

Significantly, more alkane was removed by the silica-immo-

bilized samples after continuous flow conditions than for

physisorbed samples (Figure 6). Concentrations of hexade-

cane and tetradecane adsorbed to the mat were negligible

Figure 4. SEM images of hair surface (A), with physisorbed (B), and silica-immobilized (C) Acinetobacter venetianus 2AW (Scale bars
5 5 lm).
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compared with physisorbed samples and is attributed to the

ability of silica-immobilized cells to effectively reduce the

concentration of alkane directly at the adsorbent surface. The

alkanes principally remained in the liquid phase with the abi-

otic controls; little was retained on the adsorbant surface

compared with samples with strain 2AW. The behavior may

be attributed to the biosurfactant activity supplied by the

Acinetobacter cells. In batch culture, physical agitation is

Figure 6. Degradation of tetradecane (left panel) and hexadecane (right panel) by Acinetobacter venetianus 2AW physisorbed or
silica-immobilized to adsorbent mats vs. an abiotic control.

Residual alkane was extracted from the adsorbent mats (ads) and the liquid phase (liq) after incubation with alkane under continuous flow for 24 h.

Figure 7. Imaging of hair fiber under phase contrast (A), LIVE/DEADV
R

staining of physisorbed (B) and silica-immobilized Acinetobacter
venetianus 2AW (C), Nile red staining of physisorbed (D), and silica-immobilized Acinetobacter venetianus 2AW (E, F).*

*Abiotic controls show no fluorescence when incubated with Nile Red.

Figure 5. Degradation of tetradecane (left panel) and hexadecane (right panel) by Acinetobacter venetianus 2AW in batch mode when
physisorbed or silica-immobilized to adsorbent mats vs. an abiotic control.

Residual alkane was extracted from the adsorbent mats (ads) and the liquid phase (liq) after 24 h incubation with alkane in batch mode.
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sufficient to break up the hydrocarbon and eliminate this

effect. In the control, the alkanes remain as a biphasic sol-

vent rather than an emulsion that may be readily retained by

the adsorbent surface.

Under continuous flow conditions, silica-immobilized cells

demonstrated a significantly higher biocatalytic turnover rate

than physisorbed cells, which indicates that there was higher

retention of cells in the silica matrix. Nonetheless, the result

suggests that silica treatment did not limit metabolic activity

of the organisms. Initial quantification of adsorbed bacteria

using protein measurements was confounded by the high

concentration of protein in the hair fibers. Initial SEM visu-

alization (Figure 4) confirmed that bacterial cells were asso-

ciated with the hair fibers, but further attempts to elucidate

cell viability by fluorescent staining of the bacterial cells in
situ proved inconclusive due to the high background absorb-

ance of fluorescent dye to the silica matrix and the hair fiber

itself. Nile red staining of the silica-immobilized hair for

biosurfactant activity helped identify areas of high lipid con-

centration. The dye was associated with cellular material

attached at the hair surface and indicated the retention of

biosurfactant activity, even with silica-immobilized cells

(Figure 7). High resolution imaging of the adsorbent surface

and selective staining of the bacteria using fluorescent in situ
hybridization (FISH) may be considered in future work to

better resolve specific bacterial colonization.37 The cell via-

bility for adsorbent samples was ultimately determined by

quantification of ATP luminescence and revealed signifi-

cantly higher retention of viable cells following silica-immo-

bilization when compared with physisorbed cells (~50% by

comparison) or an abiotic control (0%) (Table 1).

Conclusions

Silica-immobilization of A. venetianus 2AW creates a sta-

ble, defined bacterial population that degrades long-chain

alkanes without the significant colonization times typically

associated with natural attenuation or open seeding proc-

esses. Immobilization of cells to an adsorbent matrix did not

reduce cell viability and appeared to enhance the efficiency

of hydrocarbon degradation. The improved breakdown may

be attributed to the materials sequestering the hydrocarbon

substrates near the bacteria, thus enhancing degradation; and

second, the immobilization process prevents the cells from

being washed away in flow-through experiments. Continuous

degradation at the surface of the adsorbent enhances the util-

ity of the material and increases the total capacity for

adsorption, as some portion of the adsorbed material is con-

tinuously removed. The methodology described is rapid, re-

producible, and encapsulates whole bacterial cells without

hindering their physiology. The bacterial activity was dem-

onstrated by biosurfactant production and active alkane deg-

radation. Adsorbent mats including the immobilized bacterial

cells provide a system for coupled adsorption/biodegradation

in open-water oil spills or treatment of large contaminated

volumes such as ballast water or holding ponds. The practi-

cal application of the mat is supported further by the adsorp-

tion of a broad range of the hydrocarbons found in crude or

processed petroleum. Moreover, the natural materials making

up the mat are freely available and pose no long-term envi-

ronmental concerns.
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Notation

BH ¼ Bushnell-Haas
FISH ¼ fluorescent in situ hybridization
MB ¼ Marine broth
PBS ¼ phosphate buffered saline
PCR ¼ polymerase chain reaction
RLU ¼ Relative luminescence unit
SEM ¼ scanning electron microscopy

TMOS ¼ Tetramethylorthosilicate

Literature Cited

1. National Research Council Committee on Oil in the Sea: Inputs,
fates, and effects, Oil in the Sea III: Inputs, Fates, and Effects.
Washington, D.C.: The National Academies Press; 2003.

2. Kirby MF, Law RJ. Accidental spills at sea-risk, impact, mitiga-
tion and the need for co-ordinated post-incident monitoring.
Mar Pollut Bull. 2010;60:797–803.

3. Becker JG, Seagren EA. Modeling the effects of microbial com-
petition and hydrodynamics on the dissolution and detoxification
of dense non-aqueous phase liquid contaminants. Environ Sci
Technol. 2009;43:870–877.

4. Goodman R. Tar balls: the end state. Spill Sci Technol Bull.
2003;8:117–121.

5. Banant IM. Biosurfactants production and possible uses in mi-
crobial enhanced oil recovery and oil pollution remediation: a
review. Bioresource Technol. 1995;51:1–12.

6. Fuller C, Bonner J, Page C, Ernest A, McDonald T, McDonald S.
Comparative toxicity of oil, dispersant, and oil plus dispersant to
several marine species. Environ Toxicol Chem. 2004;23:2941–2949.

7. Judson RS, Martin MT, Reif DM, Houck KA, Knudesn TB,
Rotroff DM, Xia M, Sakamuru S, Huang R, Shinn P, Austin
CP, Kavlock RJ, Dix DJ. Analysis of eight oil spill dispersants
using rapid in vitro tests for endocrine and other biological ac-
tivity. Environ Sci Technol. 2010;44:5979–5985.

8. Singer MM, George S, Jacobson S, Lee I, Weetman LL, Tjeer-
dema RS, Sowby ML. Acute toxicity of the oil dispersant cor-
exit 9554 to marine organisms. Ecotoxicol Environ Saf 1995;
32:81–86.

Table 1. Viable Cell Counts of Acinetobacter venetianus 2AW on
Adsorbent Mats

RLU CFU mL�1*

Physisorbed cells 15649 � 5350 7.35 � 105 � 1.22 � 105

Silica-immobilized
cells

36375 � 4500 1.42 � 106 � 7.11 � 104

Abiotic control 361 � 270 0

*Corresponding CFU mL�1 calculated from a standard curve of Rela-
tive luminescence units (RLU) vs. cell culture serial dilution.

Biotechnol. Prog., 2011, Vol. 00, No. 00 7



9. Hazen TC, Dubinsky EA, DeSantis TZ, Andersen GL, Piceno
YM, Singh N, Jansson JK, Probst A, Borglin SE, Fortney JL,
Strngfellow WT, Bill M, Conrad ME, Tom LM, Chavarria KL,
Alusi TR, Lamendella R, Joyner DC, Spier C, Baelum J, Auer
M, Zemla ML, Chakraborty R, Sonnenthal EL, D’haeseleer P,
Holman H-YN, Osman S, Lu Z, Van Nostrand JD, Deng Y,
Zhou J, Mason OU. Deep-sea oil plume enriches indigenous
oil-degrading bacteria. Science. 2010;330:204–208.

10. Harayama S, Kasai Y, Hara A. Microbial communities in oil-con-
taminated seawater. Curr Opin Biotechnol. 2004;15:205–214.

11. Swannell RP, Lee K, McDonagh M. Field evaluations of marine
oil spill bioremediation. Microbiol Rev. 1996;60:342–365.

12. Reisfeld A, Rosenberg E, Gutnick D. Microbial degradation of
crude oil: factors affecting the dispersion in sea water by mixed
and pure cultures. Appl Microbiol. 1972;24:363–368.

13. Van Hamme JD, Singh A, Ward OP. Recent advances in petro-
leum microbiology. Microbiol Mol Biol Rev. 2003;67:503–549.

14. Brandao PC, Souza TC, Ferreira CA, Hori CE, Romanielo LL.
Removal of petroleum hydrocarbons from aqueous solution
using sugarcane bagasse as adsorbent. J Hazard Mater. 2010;
175:1106–1112.

15. Kalmykova Y, Stromvall AM, Steenari BM. Alternative materials
for adsorption of heavy metals and petroleum hydrocarbons from
contaminated leachates. Environ Technol. 2008;29:111–122.

16. Kumagai S, Noguchi Y, Kurimoto Y, Takeda K. Oil adsorbent
produced by the carbonization of rice husks. Waste Manag.
2007;27:554–561.

17. Akin C. Biocatalysis with immobilized cells. Biotechnol Genet
Eng Rev. 1987;5:319–367.

18. Cassidy M, Lee H, Trevors J. Environmental applications of im-
mobilized microbial cells: a review. J Ind Microbiol. 1996;16:
79–101.

19. Furusaki S, Seki M. Use and engineering aspects of immobi-
lized cells in biotechnology. Adv Biochem Eng Biotechnol.
1992;46:161–185.

20. Heitkamp MA, Stewart WP. A novel porous nylon biocarrier
for immobilized bacteria. Appl Environ Microbiol. 1996;62:
4659–4662.

21. Junter GA, Jouenne T. Immobilized viable microbial cells: from
the process to the proteome … or the cart before the horse. Bio-
technol Adv. 2004;22:633–658.

22. Li Y, Li W, Gao H, Xing J, Liu H. Integration of flocculation
and adsorptive immobilization of Pseduomonas delafieldii R-8
for diesel oil biodesulfurization. J Chem Technol Biotechnol.
2011;86:246–250.

23. Rahman RNZA, Ghazali FM, Salleh AB, Basri, M. Biodegrada-
tion of hydrocarbon contamination by immobilized bacterial
cells. J Microbiol. 2006;44:354–359.

24. Luckarift HR, Sizemore SR, Roy J, Lau C, Gupta G, Atanassov
P, Johnson, GR. Standardized microbial fuel cell anodes of silica-
immobilized Shewanella oneidensis. Chem Commun (Camb).
2010;46:6048–6050.

25. Cohen Y. Bioremediation of oil by marine microbial mats. Int
Microbiol. 2002;5:189–193.

26. de Oteyza TG, Grimalt JO, Lliros M, Esteve I. Microcosm
experiments of oil degradation by microbial mats. Sci Tot Envi-
ron. 2006;357:12–24.

27. Radwan SS, Al-Hasan RH, Salamah S, Al-Dabbous A. Biore-
mediation of oily sea water by bacteria immobilized in biofilms
coating macroalgae. Int Biodeter Biodegr. 2002;50:55–59.

28. Toren A, Vnavon-Venzia S, Ron EZ, Rosenberg E. Emulsifying
activities of purified alasan proteins from Acinetobacter radiore-
sistens KA53. Appl Environ Microbiol. 2001;67:1102–1106.

29. Bach H, Berdichevsky Y, Gutnick D. An exocellular protein
from the oil-degrading microbe Acinetobacter venetianus RAG-
1 enhances the emulsifying activity of the polymeric bioemulsi-
fier emulsan. Appl Environ Microbiol. 2003;69:2608–2615.

30. Baldi F, Ivosevic N, Minacci A, Pepi M, Fani R, Svetlicic V,
Zutic V. Adhesion of Acinetobacter venetianus to diesel fuel
droplets studied with in situ electrochemical and molecular
probes. Appl Environ Microbiol. 1999;65:2041–2048.

31. Castro GR, Larson BK, Panilaitis B, Kaplan DL. Emulsan quan-
titation by Nile red quenching fluorescence assay. Appl Micro-
biol Biotechnol. 2005;67:767–770.

32. Foght JM, Gutnick DL, Westlake DW. Effect of emulsan on
biodegradation of crude oil by pure and mixed bacterial cul-
tures. Appl Environ Microbiol. 1989;55:36–42.

33. Zosim Z, Gutnick D, Rosenberg E. Properties of hydrocarbon-
in-water emulsions stabilized by Acinetobacter RAG-1 emulsan.
Biotechnol Bioeng. 1982;24:281–292.

34. Desai JD, Banat IM. Microbial production of surfactants and
their commercial potential. Microbiol Mol Biol Rev. 1997;61:
47–64.

35. Sar N, Rosenberg E. Emulsifier production by Acientobacter
calcoaceticus strains. Curr Microbiol. 1983;9:309–314.

36. Gupta G, Rathod SB, Staggs KW, Ista LK, Abbou Oucherif K,
Atanassov PB, Tartis MS, Montano GA, Lopez GP. CVD for
the facile synthesis of hybrid nanobiomaterials integrating func-
tional supramolecular assemblies. Langmuir. 2009;25:13322–
13327.

37. Syutsubo K, Kishira H, Harayama S. Development of specific
oligonucleotide probes for the identification and in situ detection
of hydrocarbon-degrading Alcanivorax strains. Environ Micro-
biol. 2001;3:371–379.

Manuscript received Jun. 13, 2011.

8 Biotechnol. Prog., 2011, Vol. 00, No. 00


