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i 

ABSTRACT 

The large physical impact of marine oil-spills, coupled with the toxic effect of 

some of the crude oil components, has increased the use of innovative 

bioremediation methods in combination with traditional ones. The gel beads 

developed in this project aim to provide a method to immobilise and optimise 

the environmental conditions of hydrocarbon-degrading microorganisms to 

increase their effectiveness, in order to offer a rapid response in case of 

emergency. 

Lab scale tests on n-dodecane and crude oil revealed the potential of these 

microorganisms for further application in oil-spills. However, the main 

drawback seems to lie in the lyophilisation process, where the vitality of the 

cells is severely diminished.  
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1 INTRODUCTION 

Petroleum, in its various refined forms, is still the main source of energy of our 

modern society and its extended presence in our lifestyle makes its substitution 

with cleaner energy sources very difficult. Moreover, its price fluctuation can 

have a great effect on the economy, being able to influence stock markets and 

money exchange rates. (Ocean Studies Board, et al., 2003) Its extraction, 

refinement, transport, use and removal represent a great threat to the 

environment.  

The petroleum residues found in marine environments have different origins 

such as leakages from land deposits, expected escapes from reservoirs and 

spills from pipes or carrier ships. Apart from the toxic effect of components such 

as polycyclic aromatic hydrocarbons (PAH’s), there is a very large physical 

impact when petroleum comes to contact with the marine environment. The 

complex composition of crude oil makes it difficult to understand and therefore 

remediate oil spills. Initially, the volatile fraction (boiling point below 200ºC) 

evaporates naturally, removing about 35% of the initial components (Dutta & 

Shigheaki, 2000). The rest of the many species present, which each have a 

different behaviour, is slowly degraded by photo oxidation and biodegradation.  

Microorganisms with the ability of degrading oil have been found in natural 

environments where a spill has occurred. However, the rate of degradation 

depends on many factors such as: (1) oil-degraders availability, (2) nutrients 

concentration (nitrogen and phosphorus), (3) oxygen levels and/or (4) climatic 

conditions. (Swannell, et al., 1996). These, together with limited solubility of the 

oil in water will constrain the effectiveness of a microbial attack. (Yarett, 2010) 

Nonetheless, normally oil-spills cause such an environmental catastrophe that a 

combination of the different available techniques is normally used, depending 

on how and where the dispersion takes place. 
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1.1 Oil Remediation Techniques 

Large scale oil-spills can be caused by accidents on oil platforms, leaks from 

submarine pipelines or collision and/or sinking of oil tankers. Each of these 

case-scenarios is different, and the selection of the most appropriate 

remediation technique will depend on the type of oil spilled, weather and 

environment conditions, proximity to the coast and marine life at risk. (Dave & 

Ghaly, 2011) 

Mechanical methods, such as different types of booms and skimmers are 

usually used as a first response in order to contain the spill. In combination with 

mechanical methods, chemical methods can help to protect sensitive areas and 

break down the oil into smaller particles that can be more easily degraded later 

on. The most commonly substances used include different types of surfactants, 

solvents and stabilisers. 

If the spill takes place at the surface of the water, under very specific secure 

conditions, thermal remediation has also been found to be a plausible option 

(Mullin & Champ, 2003) 

Bioremediation methods, such as the one discussed in this paper, are those 

where microorganisms degrade and metabolise the oil chemical components, a 

natural process that is accelerated by favouring the environment and conditions 

for these microorganisms to grow and increase their effectiveness. (Dave & 

Ghaly, 2011) 

1.1.1 Bioremediation and immobilisation 

Bioremediation can be carried out by introducing oil-degrading bacteria to the 

site (bioaugmentation) or by adding nutrients (biostimulation). (Nikolopoulou, et 

al., 2013)  

The natural presence of microorganisms that degrade specifically certain 

components of petroleum has been known for some time, but their kinetics tend 

to be slow, of a 3% of degradation after an incubation period of 18 days (Atlas & 

Bartha, 1972). The combined addition of nitrates and phosphates however, 
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have proven to compensate the nutritional deficiencies in marine water, 

increasing the biodegradation rate up to values near a 70% in the same period. 

Biosurfactants present an environmentally friendly alternative to traditional 

chemical surfactants, capable of providing an emulsifying and dispersant effect 

in immiscible systems such as oil and water without the toxic effect associated 

to traditional ones (Perfumo, et al., 2010) This facilitates the contact between 

the microorganisms and the contaminating compounds, reducing the time 

required for biodegradation. (Bao, et al., 2014) 

The combined effect of nutrients and biosurfactants such as the ones tested in 

this work has proven to enhance the biodegradation of the microorganisms.   

(Banat, et al., 2011) It has also been observed that autochthonous 

microorganisms present the maximum effectiveness when in presence of 

fertilizers and biosurfactants, as reported by (Nikolopoulou, et al., 2013).   

Microencapsulation is a new and promising technology being tested for 

improving bioremediation results. Previous work has demonstrated its potential, 

encapsulating nutrients to provide their slow release aiding in the degradation 

process, up to a 43.6% in 240 hours. (Reis, et al., 2013) Similarly, (Moslemy, et 

al., 2002) reported that encapsulated cells were able to degrade up to a 90% of 

gasoline hydrocarbons at a concentration of 50-600 mg/ L in a period of 10 

days. 

All this existing work opens the possibility for the encapsulation 

microorganisms, nutrients and biosurfactants to achieve a fast response, cost 

effective and efficient bioremediation solution for marine contaminated sites. 

1.2 Kill Spill Project 

This thesis work sits in a wider project, Kill-Spill “Integrated Biotechnological 

Solutions for Combating Marine Oil Spills”, which is an EU funded collaborative 

project started in 2013. The objective of this project is to identify a general 

protocol that can be presented as the best response in an event of marine 

contamination by petroleum. The technologies developed within the project aim 

to be economically sustainable and environmentally friendly. The best 



 

4 

technologies developed at lab scale will then be tested in the field to ensure 

adaptability to real conditions. 

1.2.1 Scope of the Thesis 

The main aim of this work was the development of gel-beads, able to co-

immobilize hydrocarbon-degrading microorganisms, surfactants and nutrients, 

to be used in bioremediation experiments (crude-oil or hydrocarbons in sea-

water) at lab-scale.  

The objectives that were derived from this were: 

 Evaluate different oil-degrading strains and select the most successful 

one 

 Test at lab scale, the effectiveness of the selected strain when 

lyophilised, on n-dodecane and on crude oil. 

 Test the degradation efficiency of the immobilised bacteria and identify 

the most efficient co‐metabolising cocktail. 
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2 MATERIALS AND METHOLOGY 

2.1 Evaluation of the degradation ability of different species on 

n-dodecane (C12H26) 

The bacterial strains used in this section were isolated from contaminated 

areas, in the Department of Food, Environment and Nutritional Sciences 

(UNIMI) following the methodology reported in (Amer, et al., 2015). 

The strains analysed were the following: 

 Marinobacter hydrocarbonoclasticus (ANU5) 

 Alcanivorans jadensis (339) 

 Alcanivorax dieselolei (293) 

The samples were prepared as follow: 20 mL of Sea water, 1% of n-dodecane 

and the same number of bacterial cells (108), using a Burker Chamber for the 

count. Single strains, a combination of two or all three were added to sterile 100 

mL baffled Erlenmeyer flasks. The flasks were maintained at 28ºC in agitation 

(150 rpm). The extraction and quantification of the residual n-dodecane was 

done at time zero, after 3 hours, 3 days and 7 days. For each combination a 

negative control (without n-dodecane) sample was also prepared. All trials were 

done in duplicate. 

2.1.1 Extraction of n-dodecane  

The residual n-dodecane was extracted from the flasks with hexane using a 

separator funnel. 20 mL of hexane, which absorbs polar molecules, were added 

to the whole sample, shaken, let to separate, and the organic phase (on the top) 

decanted. A second wash of the aqueous phase was done with another 20 mL 

of hexane, to ensure optimal yields. The two organic phases were joined, 

dehydrated using sodium sulphate and filtered using cellulose paper. The 

solvent was gently removed using a rotary evaporator, leaving only the residual 

n-dodecane.  

The residual n-dodecane was then solubilised in 1mL of hexane, diluted if 

necessary and analysed using a gas chromatograph.  
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2.1.2  Quantification of n-dodecane 

The analysis of the samples was done using a FID gas chromatograph (Dani 

6500 series) with a capillary column of polydimethylsiloxane (30m * 0.32mm). 

The carrier used was H2 at 0.4 bars using the following temperature gradient: 3 

minutes at 50ºC, 5ºC increments each minute until the temperature reached 

200ºC. At these conditions, the retention time for n-dodecane varied between 

14.5 and 15 minutes.  

2.2 Evaluation of the degradation ability of Marinobacter 

hydrocarbonoclasticus (ANU5) on n-dodecane and crude oil. 

Lyophilised cells of ANU5, the most effective strain, were tested on n-dodecane 

and crude oil.  

Trials were conducted in redistilled 100 mL baffled Erlenmeyer flasks, 

containing 20 mL of redistilled sea water, C12 at a 1% weight and crude oil at a 

0.5% weight. The residual oil was extracted at time zero and after 3 and 7 days. 

The evaluation was done with two concentrations of cells: 2g/L and 4g/L, 

therefore a total of 12 samples were prepared.  

The density of the n-dodecane employed (ρC12=0.748 mg/dm3) and the density 

of crude oil (ρCO=0.862 mg/dm3) (Snowdon & Stasiuk, 1997) were used to 

calculate the adequate volumes, of 267µL and 116 µL respectively, which were 

pipetted into pre-weighted flasks, under the fume hood. The weight was noted 

before adding the sea water, to be able to compare it to the resulting weight 

after the experiment 

2.2.1 Extraction of oil and n-dodecane 

Residual n-dodecane contained in the C12 samples was extracted using the 

same procedure reported in section 2.1.1. For the samples containing crude oil 

however, the procedure varied slightly. The whole sample was placed in a 

separator funnel, and extracted with 20 mL of hexane. After separation of the 

organic phase, the sample was extracted again with 20 mL of dichloromethane 

and the two organic phases combined. The total organic phase was dehydrated 
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using sodium sulphate and filtered using cellulose paper. The residual solvent 

was removed using a rotary evaporator. 

2.2.2 Quantification of n-dodecane and crude oil 

For the samples containing C12 the quantification of the residual oil was done 

using the same methodology as reported in section 2.1.2. For the samples 

containing crude oil, the quantification was done gravimetrically. The samples 

were extracted as described above in 2.2.1 and the weight measured at the 

beginning and at the end of the project using a pre-weighted flask. 

2.3 Encapsulation of ANU5 (DABs) and evaluation of their 

degradation ability on n-dodecane and crude oil 

These set of experiments were done to evaluate the degradation efficiency of 

ANU5 when encapsulated in Dry Alginate Beads (DABs). The reagent used was 

alginic acid sodium salt from brown algae (Sigma-Aldrich) at a concentration of 

4%.  

2.3.1 Preparation of the encapsulating solutions 

The encapsulation media was prepared mixing two solutions prepared as 

reported in table 1, one for each of the two lipids evaluated: 

Table 1: Composition of the alginate solutions for DABs 

 

Solution 1 Solution 2 

 

Alginate(g) H2O(ml) K2HPO4(g) Urea(g) Lipid(µl) ANU5(g) H2O 

Rhamnolipid 4,0 100 4,0 0,20 200 0,41 to 100ml 

Sophorolipid 4,0 100 4,0 0,20 200 0,40 to 100ml 

Solutions 2 were the added to the alginate solutions (solution 1), mixed 

overnight and left to rest for two hours until there were no bubbles in the 

mixture.  

Curing solution: a 0.2M solution of CaCl2 was prepared to cure/solidify the 

DABs. 2 litres of this solution were required for each of the two different lipid 

preparations. 
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2.3.2 Preparation of the DABs 

For the immobilisation of the bacteria in dry alginate beads, the two mixtures 

prepared in section 2.3 were dropped into the 0.2 M CaCl2 solution (constantly 

stirred) using a peristaltic pump attached to a pipette tip of 200 µL. The pump 

must be set to a velocity that allows the mixture to go through drop by drop, to 

ensure a spherical shape of the DABs 

 

 

 

 

 

 

 

 

 

Once all the mixtures had gone through they were left for another half hour in 

agitation, drained and washed with redistilled water.  

The beads were spread on wax paper, to avoid them sticking to each other and 

left overnight to dry. It is also possible to spread them on a glass and store them 

at 37ºC overnight.  

2.3.3 Degradation tests 

The degradation tests were prepared in 100 mL baffled Erlenmeyer flasks 

containing: 20 mL of redistilled sea water, C12 at a 1% weight or crude oil at a 

0.5% weight and 200 mg for each type of DABs, (ones containing S and the 

others R). The residual oil extractions were done at time zero and after 3 and 7 

Figure 1: Laboratory set-up for the preparation of DABs 

Alginate solution 

containing bacteria 

Peristaltic pump CaCl2 solution 
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days. It was calculated that 200 mg of DABs were equivalent to 9.8 mg of 

lyophilized cells. 

2.3.4 Extraction of n-dodecane and crude oil 

The procedure was exactly the same as that of section 2.2.1. The DABs were 

kept and re-dissolved in 15 mL a 0.5 M phosphate buffer solution at pH 7 to 

solubilise them. Potential C12 and CO remaining in the alginate was extracted 

following the same procedure reported in 2.2.1, but with a volume of 15 mL for 

each wash, in order to keep a standard final volume  

2.3.5 Quantification of n-dodecane and crude oil 

CO and C12 quantification was done as reported in sections 2.1.2 and 2.2.2. 

Any remaining CO or C12 in the DABs, extracted in the second procedure was 

added to the initial weight found. 

2.4 Urea release tests on DABs  

To evaluate the behaviour of the urea as it is released from the DABs, and the 

amount that is actually encapsulated, tests were done at time zero, after 3 days 

and after 7 days in standard conditions of 150rpm and 28ºC. 

The samples were done in 100 mL flasks with baffle, containing 20 mL of 

sterilised sea water and 200mg of RDABs, SDABS or DABs containing only 

urea. 

A sample with DABs containing only urea was solubilised in a 0.5M of 

phosphate buffer solution and compared to the data obtained during the tests. 

The samples were analysed by spectrophotometer, using the Roche Yellow line 

of R-Biopharm kit for urea/ammonia, which can be found in 4Appendix C. 

2.5 Blank tests on CO and C12 

To quantify the quantity of contaminant that is actually degraded by the bacteria 

and that which is lost during the extraction process of the samples, blanks 

containing only sterilised sea water and CO or C12 were prepared. The 
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extractions were done at time zero, after 3 and 7 days, in triplicate, at the same 

concentrations and following the same procedure for extraction and analysis as 

in section 2.2. 

2.6 Vitality tests 

To evaluate the survival rate of the bacteria after being lyophilised, the following 

tests were made: 

2.6.1 Flow Cytometry 

To estimate the amount of cells still alive after the immobilisation process in 

DABs, flow cytometric analysis was done using an Accuri C6 flow cytometer. 

Two samples were prepared, each containing the equivalent amount in mass of 

lyophilised cells to the ones immobilised in 200mg of each kind of DABs. The 

weights indicated in Table 2 below where added to 20 mL of sterile sea water.  

Table 2: Equivalent weight of lyophilised cells 

 Weight of lyophilized cells (g) 

Equivalent lyophilised cells in 200mg of RDABs 0,0089 

Equivalent lyophilised cells in 200mg of SDABs 0,0098 

In parallel, two other samples containing 200mg of each kind of DABs in 20 mL 

of sterile sea water respectively, were also prepared and analysed to evaluate 

the amount of cells that were released at time zero, after 24 and 48 hours of 

incubation. 

The colorant SYBR Green, applied at 37ºC for 10 minutes, indicates the total 

cell count, and propidium iodide, at a concentration of 5 µg/mL also at 37ºC for 

10 minutes, shows the dead cells or those with an injured membrane. 

Because of the results obtained, described in section Vitality3.4, another 

analysis was done on a sample containing 10.1 mg of lyophilised cells in 20 mL 

of sterile sea water, the same sample that was then used to plate, as described 

in the following section. 
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2.6.2 Cellular count by plating 

The last sample mentioned in the section above was plated into 3 different 

culture mediums; CYSP, Marine Broth and ONR7a. The methodology for the 

preparation of these culture mediums can be found in 4Appendix D 

From 1 mL of the mother solution, 7 dilutions 1:10, 0.9% NaCl were done in 

Eppendorf tubes under laminar hood. 

100 µl of each sample were plated for each dilution and each medium, meaning 

a total of 24 sterile Petri dishes to be prepared. After plating, they were left to 

grow at 28ºC for two days. 
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3 3. RESULTS AND DISCUSSION 

3.1 Degradation capacity of the different strains 

To determine the effectiveness of the single and combined strains, residual 

concentration of C12 in the samples was analysed by gas chromatography. 

Figure 2 shows the average residual C12, for each time of analysis and for all 

single and combined strains. The grey columns represent the results for the 

analysis of the blanks. 

 

Figure 2: Residual C12 for single and combined strains, at the different times of 

analysis 

These results show that even without bacteria present, there is a loss of n-

dodecane, quite constant until the third day of incubation and accentuated at 

the seventh.  

All bacterial strains single or in combination, showed some degradation 

capacity, with a maximum activity up to day three and a slower one until day 7, 

except for 293. 

The strains, isolated from contaminated waters near the port of Genova, proved 

all capable to degrade C12 to some extent. Marinobacter hydrocarbonoclasticus 
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was identified in this study as the most effective one, although it has been 

known for its weathering capacity for some time now and has been objective of 

other works (Nicholson & Fathepure, 2003). This bacteria uses compounds 

present in petroleum as its carbon source, and this work proved further its 

potential for use in bioremediation techniques. 

Although the difference between single strains and combinations was not very 

wide, there seemed to be no gains from using the bacteria combined, which 

indicates that for further work, the preparation of experiments can be done with 

single strains and not loose effectiveness. 

Although there is clearly a degradation that occurs with time, in seven days the 

lowest residual C12 achieved is of around 35% in the case of ANU5, which is a 

relevant result but not close to total degradation. Further experiments could be 

conducted with a longer incubation time, to assess whether the complete 

degradation can be achieved. 

Also, it is evident that there is a loss of material during the preparation or 

extraction of the samples, since at time zero none or little degradation was 

expected, but it was constantly around 20% for C12. The results had to be 

interpreted bearing this in mind, and for further studies, use more accurate 

equipment. In the context of the Kill-Spill project, more precise analysis is 

planned already. 

Notwithstanding the extraction and analytical errors reported, ANU5 showed the 

highest efficiency, with a faster degradation rate. Taking into account the results 

of the blanks, the net removal for ANU5 after 7 days is of a 15%, the highest 

one. 

All the results, for all single and combined strains and for the blanks can be 

found in 4Appendix A. 

 Having ANU5 been identified as the most efficient strain, all further 

experiments were conducted using this bacteria. 
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3.2 Degradation capacity of ANU5 in lyophilised form, and in 

DABs 

Several experiments were conducted with the lyophilised ANU5 strain. A 

negative control (without bacteria) was done for both CO and n-dodecane, to 

see how much material was actually being lost during the extraction process. 

Then the same tests were done with lyophilised cells and finally using the DABs 

containing lyophilised cells, nutrients and lipids. 

3.2.1 Blanks 

The results obtained from the blank tests showed that there is a more or less 

constant amount of C12 (20%) and CO (50%) that was lost in the during the 

handling and extraction of the samples. These results are represented, in 

Figure 4 and Figure 5 of the following section with the results from the 

degradation tests, so they can be put in context. 

This error should be considered in the following sections as a corrective factor 

for the degradation values, as the material is lost without any bacterial 

presence, and therefore this decrease cannot be attributed to their action. The 

complete table with the results for each sample can be found in 4Appendix B 

3.2.2 Lyophilised ANU5 

In the context of an oil spill, the response has to be as immediate as possible. 

There is no time for the fermentation process, so the microbial agents need to 

be readily available. The lyophilisation process allows for the bacteria to be 

always available for immobilisation if the need arises.  

The lyophilised ANU5, initially tested without immobilisation, indicated that there 

was a decrease in residual C12. In the case of crude oil, the degradation did not 

clearly increase with time.  

Table 3 below, compares the results obtained from the degradation tests with 

the blanks, to obtain net degradation values: 
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Table 3: Correction on the degradation tests with lyophilised cells 

Average residual C12 

Time Blank lyo. Cells 2g/l lyo. Cells 4g/l Net Degraded 2g/l Net Degraded 4g/l 

t0 84,80% 51,16% 57,64% 33,64% 27,17% 

t3 80,82% 33,21% 36,49% 47,61% 44,33% 

t7 80,49% 29,22% 9,96% 51,27% 70,54% 

Average residual CO 

Time blank lyo. Cells 2g/l lyo. Cells 4g/l Net Degraded 2g/l Net Degraded 4g/l 

t0 54,11% 70,30% 44,96% 0,00% 9,15% 

t3 52,87% 53,13% 41,48% 0,00% 11,40% 

t7 54,31% 50,18% 53,63% 4,14% 0,68% 

The results are plotted in Figure 3, where one can clearly see that the process 

is not working for CO, but it is for C12 

 

Figure 3 : Net degradation of CO and C12 with lyophilised cells 

The microorganisms seem to behave very differently with each contaminant, so 

the results were also studied separately. 

In Figure 4 below, one can appreciate that there is a constant amount of C12 lost 

during the extraction process, but the degradation (darker column still takes 

place and increases with time.  
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Figure 4: Average Residual C12 for lyophilised bacteria 

The results for the CO are represented in Figure 5 below. It is clear that no 

relevant degradation took place, seeing as both the blank column and the 

residual CO column are almost the same height. Therefore, the process is not 

working for crude oil. 

 

Figure 5: Average Residual CO for lyophilised bacteria 

The full set of results, for each contaminant and bacterial concentration can be 

found in 4Appendix B 
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Regarding the CO, the results clearly indicate that the experiment is not 

working. It may be that seven days is not enough time for the more complex 

combination of species present in the CO to be degraded, or that the bacteria is 

ineffective for more complex compounds. Before assuming this, however, 

longer experimentations should be done, and also an analysis of the residual 

CO using gas chromatography, since in this work the result was only calculated 

by weight difference due to lack of time. The results of this quantitative analysis 

would indicate which of the numerous chemical components in CO are being 

degraded and the ones that are not being affected. 

This ineffectiveness could also be a result of the bacteria being damaged during 

the lyophilisation process. This is why some vitality tests were done later on.  

The fact that there is always a constant loss of contaminant at time zero is a 

constant throughout the experiments done in this thesis. Although the liquid-

liquid extraction method used is widely employed, a high error is common when 

working with two highly immiscible substances like water and oil. (Ray & 

Engelhardt, 1992). Other studies reported recovery rates of over 60%, but in 

this study only around a 50% is reached. This is probably due to the lack of 

precision in the preparation and extraction of samples. Since this work was a 

preliminary study, the equipment used for the analysis at lab scale was not 

accurate enough for the small concentrations that are being handled. 

Furthermore, the low boiling point of some of the chemical components in 

petroleum, and C12 in particular (214 to 218°C), makes it probable that some 

material evaporates simply during the handling of samples, adding o the error. 

A solution to this may be weathering crude oil by distillation to remove the 

volatile fraction before carrying out the experiments. (Nikolopoulou, et al., 2013) 

3.2.3 Lyophilised ANU5 immobilised in DABs 

The next step and most relevant one to this thesis was the encapsulation of the 

bacteria to form Dry Alginate Beads. This technology is supposed to allow the 

bacteria to be stored in a convenient way, already combined with nutrients and 

other additives such as lipids to maximise their effectiveness on a contaminated 

site. Other studies (Simons, et al., 2013) have already demonstrated the 
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increased effectiveness of bacteria when immobilised on a carrier material with 

nutrients and biosurfactants. (Mulligan, 2005) The combination tested in this 

work derived from previous works that indicated that the addition of 

biosurfactants and nutrients at a certain concentrations enhanced degradation 

(Banat, et al., 2011). Even though the production of DABs was successful, their 

effectiveness was lower than expected.  

The results of the tests of RDABs and SDABs on crude oil, represented in 

Figure 6 below clearly corroborate that the lyophilised bacteria, even when 

encapsulated, have little to no effect on this contaminant.  

 

Figure 6: Residual CO with RDABs and SDABs 

In the case of n-dodecane, as displayed in Figure 7 below, the RDABs worked 

well. At time zero the residual C12 was similar to the blanks but decreased 

progressively with time to a maximum result at 7 days of less than a 40%. On 

the other hand, although SDABs achieved some degradation, the results were 

not as good. The little degradation achieved does not increase with time; 

therefore one can assume rhamnolipid provides a better emulsifying effect than 

sophorolipid. 
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Figure 7: Residual C12 with RDABs and SDABs 

The possible amount of contaminant that could have remained trapped in the 

DABs was also taken into account in these results. The biomass was later 

extracted and added to the result of the first extraction. However, the value 

proved to be very low and was not able to influence the overall removal results. 

The complete table with the values for each analysis can be found in 4Appendix 

B.  

The fact that the results are lower compared to those achieved with free and 

lyophilised cells means the immobilisation method is not working as well as it 

should. 

This may have several causes but the most evident ones are the ones that can 

be conjectured from the urea release and vitality tests, discussed in the two 

following sections. 

3.3 Urea Release 

Urea, one of the two nutrients encapsulated in the DABs, is important not only 

for the optimisation of the cell growth but also acts as an indicator of how well 

the encapsulation process and the later release are working.  
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The results of the analysis for the urea release in the DABs are displayed in 

Figure 8. The blank column represents the maximum urea release in solubilised 

DABs containing only urea, which was of 0.006g/l. All the DABs were produced 

at an initial urea concentration of 1g/l, which means that in the case of 

UreaDABs a great part of the urea content is lost during the formation process 

of the DABs. 

  

Figure 8: Urea release results for RDABs, SDABs and UreaDABs 

*data not available    

RDABs seem to have retained more urea during the formation process, since 

the blue column in Figure 8 shows an increment in release with time, to a 

maximum value of 0.012 g/L at day 7, higher than the maximum content 

released in the DABs containing only Urea. Still a large amount of the urea is 

lost during the immobilization process. 

In the case of SDABs, the quantity of urea encapsulated is lower, and so is the 

quantity that is released with time. The results for this cocktail are not consistent 

with the increase of urea release with time, so the repetition of this analysis is 

recommended.  

To summarise, during the encapsulation process most of the urea is lost, so the 

effect that the nitrogen can have as a nutrient becomes limited. 
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From the comparison of the results obtained from the UreaDABs to the 

Solubilised ones, one can see that by the incubation time of 7 days almost all of 

the urea is released. 

The complete set of results, together with a copy of the description and 

methodology provided by the supplier of the equipment used can be found in 

4Appendix C. 

3.4 Vitality  

Vitality of the cells was monitored using flow cytometry. The three graphs 

displayed in Figure 9: Graphs that indicate the reliability of the results obtained 

in the flow cytometryFigure 9 below indicate that the flow cytometry is a valid 

analysis for the vitality of the lyophilised bacteria. The first and third graph show 

that from all the bacteria being detected, a 99% is coloured by the Sybr green 

colorant (total count) meaning that the bacteria are detected with a high 

efficiency. The clear peak in the second graph indicates that the strain of 

Marinobacterium hydrocarbonoclasticus is pure, and that there is no presence 

of other strains. 

 

Figure 9: Graphs that indicate the reliability of the results obtained in the flow 

cytometry 

This information gives reliability to the results obtained; therefore flow cytometry 

is a good system to monitor cell release for further experiments. 

Three different sets of samples were analysed: 
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Table 3 shows the results obtained from the analysis of samples containing 

lyophilised cells, not encapsulated, but in an equivalent concentration to the one 

that was calculated to be in 200 mg of DABs. 

The unit used for this process is of events per mL (ev/mL), an event meaning 

the detection of a cell: 

Table 4: Flow cytometry results for lyophilised cells (equivalent to DABs) 

 Total count (ev/mL) 

(SYBR Green colorant) 

Dead/membrane injured cells (ev/mL) 
(Propidium Iodide colorant) 

Lyophilised eq. to 
RDABs 

9x107 9x107 

Lyophilised eq. to 
SDABs 

7x107 7x107 

Clearly, all the cells present were either dead or damaged. 

The second set of samples analysed consisted of 200 mg of each type of DAB 

in 20 mL of sea water (consistent with the degradation tests), to monitor both 

vitality and cell release in the sea water. The results can be found in table 2 

below: 

Table 5: Flow cytometry results for DABs 

 Total count (ev/mL) 

(SYBR Green colorant) 

Dead/membrane injured cells (ev/mL) 

 (Propidium Iodide colorant) 

RDABs T0 2x105 3x104 

SDABs T0 6x104 Not detected 

RDABs T24h 4x106 3x105 

SDABs T24h 3x106 1x105 

RDABs T48h 6x106 2x105 

SDABs T48h 5x106 6x105 

The total count increases with time, which means that the cells are actually 

being released from the DABs, but the result after 48h is one order of 

magnitude below the cellular content that should be in the sample. A part from 

this, a large quantity of the released cells still appears as dead or damaged. 

The complete report for both sets of samples can be found in 4Appendix E. 
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Since the results obtained displayed such low levels of vitality, a third sample 

was prepared, and it was used to be analysed both by flow cytometry and by 

cellular count by plating. In this way the results from both techniques could be 

comparable. 

Table 6 below shows the results for this sample containing 10,1g of lyophilised 

cells: 

Table 6: Flow cytometry results of lyophilised cells  

 Total count (ev/mL) 

(SYBR Green colorant) 

Dead/membrane injured cells (ev/mL) 
(Propidium Iodide colorant) 

Lyophilised cells  1.4x108 1.2x108 

The same sample used to obtain this result was plated on to the three different 

growth media, the results obtained for the different dissolutions reported in 

Table 7 below: 

Table 7: Cellular count results by plating 

Dissolution CYSP (CFU) Marine Broth (CFU) Onr7al (CFU) 

Mother solution 431 397 359 

1:10 39 37 20 

1:100 3 0 0 

1:1000 0 0 0 

1:10000 0 0 0 

1:100000 0 0 0 

1:1000000 0 0 0 

Using the Colony Forming Unit (CFU) one can calculate that there are 3.2*103 

living cells in the sample, also a very low result that corroborates the results 

obtained from the flow cytometry analysis. 

The vitality tests that were done confirmed that the most probable cause for the 

lyophilised cells not working well, both when free and immobilised, was that the 

results indicated that most of the cells were dead. This is probably due to the 

lyophilisation process damaging the bacterial membrane. When plated, some 

still grow, meaning that probably the damage to the membrane is not fatal.  
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As reported in other studies, there where up to a 7% of the cells that took up 

Propidium Iodide and later exhibited an ability to repair. (Davey & Hexley, 

2011).  

3.5 Further work 

The low vitality rate of the cells seems to be one of the most critical drawbacks. 

Therefore, further work has to be done to improve vitality while lyophilising, 

increasing the amount of bacteria encapsulated in the DABs or adding some 

growth media to enable them to grow once released. The ideal scenario would 

be to immobilise the cells right after the fermentation process, which would 

improve drastically the cell content and the vitality, but it would also slow 

dramatically the response time to a spill, making it not a viable option for 

application. 

The difference between the concentration of 2g/l of cells and the double one is 

slightly perceptible, but more replication would be recommendable to see if it is 

really non critical and whether more incubation time is helpful. 

More analysis with CO are also highly recommended, to find a solution to the 

complexity of its analysis. 
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4 CONCLUSIONS 

The effectiveness of the hydrocarbon degrading bacteria isolated was verified, 

Marinobacter hydrocarbonoclasticus was selected as the most effective one 

and lyophilised to use in the other experiments. 

Although on C12 the degradation tests continued to present promising results, 

on CO the process did not work, probably because of its complex composition. 

Further tests with more incubation time are recommended.  

The analytical error during the sample extraction needs to be decreased, in both 

contaminants, but especially on CO where the recovery rate on blank samples 

was only of around a 50% 

The immobilization process was successful, with better results with the DABs 

containing rhamnolipid biosurfactant, but there was only degradation on C12. 

A possible cause for the low effectiveness of DABs can be derived from the 

urea release analysis and the vitality tests, which showed that a relevant 

fraction of the urea and cellular content was lost during the immobilisation 

process. 

The vitality tests also revealed that most cells die during the lyophilisation 

process, so new protocols should be developed to increase survival rate.  

Additional cocktails for immobilization should also be tested to improve both 

encapsulation and degradation rates. 
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Ref Number Sample Area Final weight of C12 (g) Initial weight of C12 (g) Residual C12 Average A&B

1 ANU5 t0 A 5270973 0,1055 0,1445 72,98% t0h

2 ANU5 t0 B 4612408 0,1026 0,1464 70,07% 71,53%

3 ANU5 t3h A 4529371 0,0906 0,1471 61,61% t3h

4 ANU5 t3h B 4507933 0,1002 0,1463 68,50% 65,06%

5 ANU5 t3g A 4124435 0,0825 0,1472 56,07% t3d

6 ANU5 t3g B 1977160 0,0440 0,1425 30,88% 43,47%

7 ANU5 t7g A 3079434 0,0616 0,1463 42,15% t7d

8 ANU5 t7g B 2085813 0,0464 0,1466 31,67% 36,91%

9 293 t0 A 5030651 0,1007 0,1474 68,30% t0h

10 293 t0 B 4466466 0,0993 0,1463 67,87% 68,09%

11 293 t3h A 4872790 0,0975 0,1470 66,34% t3h

12 293 t3h B 4616839 0,1027 0,1511 67,93% 67,13%

13 293 t3g A 4638775 0,0928 0,1424 65,21% t3g

14 293 t3g B 3866140 0,0860 0,1462 58,81% 62,01%

15 293 t7g A 2530504 0,0507 0,1467 34,55% t7d

16 293 t7g B 3484872 0,0775 0,1468 52,79% 43,67%

17 339 t0 A 5155800 0,1032 0,1472 70,09% t0h

18 339 t0 B 4734883 0,1053 0,1515 69,51% 69,80%

19 339 t3h A 4958720 0,0992 0,1416 70,06% t3h

20 339 t3h B 4305334 0,0957 0,1464 65,38% 67,72%

21 339 t3g A 3618132 0,0724 0,1462 49,53% t3d

22 339 t3g B 4275373 0,0951 0,1465 64,88% 57,20%

23 339 t7g A 3358624 0,0672 0,1460 46,05% t7d

24 339 t7g B 3587382 0,0798 0,1470 54,28% 50,16%

25 ANU5+293 t0 A 4873785 0,0975 0,1413 69,01% t0h

26 ANU5+293 t0 B 4620089 0,1027 0,1499 68,55% 68,78%

27 ANU5+293 t3h A 4698700 0,0940 0,1365 68,87% t3h

28 ANU5+293 t3h B 3694513 0,0822 0,1241 66,21% 67,54%

29 ANU5+293 t3g A 4133259 0,0827 0,1447 57,18% t3d

30 ANU5+293 t3g B 2991344 0,0665 0,1429 46,58% 51,88%

31 ANU5+293 t7g A 3648339 0,0730 0,1434 50,93% t7d

32 ANU5+293 t7g B 2866318 0,0638 0,1433 44,49% 47,71%

33 ANU5+339 t0 A 4937725 0,0988 0,1490 66,32% t0h

34 ANU5+339 t0 B 4502953 0,1001 0,1475 67,89% 67,10%

35 ANU5+339 t3h A 4693447 0,0939 0,1453 64,64% t3h

36 ANU5+339 t3g B 928137 0,0207 0,0730 28,35% 46,49%

37 ANU5+339 t7g A 4126010 0,0826 0,1445 57,16% t3d

38 ANU5+339 t7g B 2894296 0,0644 0,1478 43,57% 50,37%

39 ANU5+339 t3g A 2815539 0,0564 0,1248 45,17% t7d

40 ANU5+339 t3h B 4334388 0,0964 0,1183 81,50% 63,33%

41 293+339 t0 A 4408979 0,0882 0,1079 81,75% t0h

42 293+339 t0 B 4979619 0,1107 0,1408 78,64% 80,20%

43 293+339 t3h A 4881966 0,0977 0,1463 66,78% t3h

44 293+339 t3h B 4705663 0,1046 0,1501 69,71% 68,25%

45 293+339 t3g A 4240005 0,0849 0,1513 56,10% t3d

46 293+339 t3g B 3876380 0,0862 0,1440 59,88% 57,99%

47 293+339 t7g A 3683144 0,0737 0,1463 50,39% t7d

48 293+339 t7g B 3284300 0,0731 0,1464 49,89% 50,14%

49 TRP t0 A 5561259 0,1113 0,1436 77,48% t0h

50 TRP t0 B 5046741 0,1122 0,1488 75,40% 76,44%

51 TRP t3h A 5202792 0,1041 0,1458 71,43% t3h

52 TRP t3h B 4590545 0,1021 0,1458 70,01% 70,72%

53 TRP t3g A 3191315 0,0639 0,1460 43,76% t3d

54 TRP t3g B 2563046 0,0570 0,1367 41,72% 42,74%

55 TRP t7g A 2707710 0,0542 0,1424 38,08% t7d

56 TRP t7g B 3599926 0,0801 0,1467 54,56% 46,32%

Appendix A  Degradation tests of single and combined 

strains on C12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A-1: Results for residual n-dodecane in single and combined strains 
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A.1 Results for the blanks 

Table A-2 Residual C12 results for the blanks 

 

  

Sample Area Final weight of C12 (g) Initial weight of C12 (g) Residual C12 Average A&B&C

CN t0 A 554442 0,1115 0,1453 76,73% 79,02%

CN t0 B 560575 0,1127 0,1550 72,72% 77,92%

CN t0 C 651825 0,1310 0,1495 87,60% 73,13%

CN t17h A 528200 0,1062 0,1456 72,97% 52,00%

CN t17h B 542638 0,1091 0,1395 78,23%

CN t17h C 606246 0,1218 0,1476 82,55%

CN t3 A 572566 0,1151 0,1476 77,99%

CN t3 B 510601 0,1027 0,1425 72,06%

CN t3 C 503295 0,1013 0,1461 69,33%

CN t7 A 353693 0,0713 0,1452 49,13%

CN t7 B 322969 0,0652 0,1462 44,58%

CN t7 C 452437 0,0911 0,1462 62,30%

C12 t7g

C12 t0

C12 t17h

C12 t3g
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Appendix B Degradation tests with lyophilised ANU5 

and DABs 

B.1 Blanks 

Table B-1 Results for the blanks on C12 and CO 

 

B.2 Lyophilised ANU5 

Table B-2 Results for the degradation tests on C12 

 

Table B-3 Results for the degradation tests on CO 

 

Sample Area Final weight of C12 (g) Initial weight of C12 (g) Residual C12 Average residual C12

C12 to 1 902484 0,1811 0,2019 89,70%

C12 to 2 813439 0,1633 0,1997 81,77%

C12 to 3 815654 0,1637 0,1974 82,94%

C12 t3g 1 809906 0,1626 0,1997 81,41%

C12 t3g 2 802389 0,1611 0,1988 81,03%

C12 t3g 3 786474 0,1579 0,1973 80,03%

C12 t7g 1 846648 0,1699 0,2004 84,80%

C12 t7g 2 807230 0,1620 0,1987 81,55%

C12 t7g 3 745991 0,1498 0,1994 75,12%

Final weight of CO (g) Initial weight of CO (g) Residual C12 Average residual CO

0,0424 0,0831 51,02%

0,0368 0,0846 43,50%

0,0649 0,0957 67,82%

0,0489 0,0948 51,58%

0,0436 0,0852 51,17%

0,0524 0,0938 55,86%

0,0405 0,0772 52,46%

0,0497 0,0860 57,79%

0,0480 0,0911 52,69%

CO t7 1

CO t7 2

CO t7 3

CO t7g

C12 t0

C12 t3g

C12 t7g

CO t0

CO t3g

CO to 1

CO to 2

CO to 3

CO t3 1

CO t3 2

CO t3 3

Sample

54,11%

52,87%

54,31%

84,80%

80,82%

80,49%

Sample Sea Water (ml) Cells (g) C12 1% (g) Area Weight Residual C12

1 C12 t0 20 0,0409 0,2131 5448111 0,10902222 51,16%

1 C12 t3 20 0,0411 0,2086 3461165 0,0692833 33,21%

1 C12 t7 20 0,0417 0,2112 3083130 0,0617226 29,22%

3 C12 t0 20 0,0815 0,2162 620051 0,1246102 57,64%

3 C12 t3 20 0,0827 0,2132 3886994 0,07779988 36,49%

3 C12 t7 20 0,0807 0,2141 1062748 0,02131496 9,96%

Sample Sea Water (ml) Cells (g) Crude Oil 0.5% (g) Initial Weight (g) Total Weight (g) Weight (g) Residual CO

2 CO t0 20 0,0419 0,0872 23,7574 23,8187 0,0613 70,30%

2 CO t3 20 0,0426 0,0847 22,6337 22,6787 0,045 53,13%

2 CO t7 20 0,0428 0,0857 26,8318 26,8748 0,043 50,18%

4 CO t0 20 0,0803 0,0834 21,513 21,5505 0,0375 44,96%

4 CO t3 20 0,0816 0,0839 23,046 23,0808 0,0348 41,48%

4 CO t7 20 0,0811 0,0895 28,7046 28,7526 0,048 53,63%
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B.3 Encapsulated ANU5 in DABs 

Table B-4 Results for the degradation tests with DABs on C12 

 

Table B-5 Results for the degradation tests with DABs on CO 

 

  

C12 SW (ml) C12 (g) DAB's (g) Area Dilution C12 (g) weight from solved DAB's % residuo

RC12t0 20 0,2047 0,2062 752682 1:10000 0,1511364 0 73,83%

RC12t3 20 0,2035 0,2057 469662 1:10000 0,0945324 0,00075 46,82%

RC12t7 20 0,2122 0,2082 375432 1:10000 0,0756864 0,0018 36,52%

SC12t0 20 0,2065 0,2065 542583 1:10000 0,1091166 0 52,84%

SC12t3 20 0,2117 0,2072 467741 1:10000 0,0941482 0,000006 44,48%

SC12t7 20 0,2083 0,202 554936 1:10000 0,1115872 0,000008 53,57%

CO SW (ml) CO (g) DAB's (g)Initial WeightFinal Weight  CO (g) weight from solved DAB's % residuo

RCOt0 20 0,0889 0,208 23,5165 23,5633 0,0468 0 52,64%

RCOt3 20 0,0897 0,2079 28,7356 28,7838 0,0482 0 53,73%

RCOt7 20 0,0885 0,2047 22,2442 22,2987 0,0545 0,0009 62,60%

SCOt0 20 0,0871 0,2075 26,6424 26,6852 0,0428 0 49,14%

SCOt3 20 0,091 0,2045 17,3079 17,3579 0,05 0,0005 55,49%

SCOt7 20 0,0905 0,2062 23,6104 23,6593 0,0489 0,0042 58,67%
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Appendix C Urea release tests 

C.1 UV method for the determination of urea 
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C.2  Urea Release results 

Table C-1: Urea release test results 

 

 

 

 

 

 

  

A1.1 A2.1 A2.2 A2.3 Increment C(g/L) sample solution

R-DABS 0,013 -0,016 0,029 0,00420

S-DABS 0,013 -0,017 0,03 0,00435

DABS-U 0,02 -0,016 0,036 0,00522

t0

(27h) A1.1 A2.1 A2.2 A2.3 Increment C(g/L) sample solution

R-DABS -0,096 -0,13 -0,128 -0,131 0,035 0,00507

S-DABS -0,092 -0,217 -0,221 -0,224 0,132 0,00000

DABS-U -0,1 -0,13 -0,125 -0,13 0,03 0,00435

t1

(96h) A1.1 A2.2 A2.3 A2.3 Increment C(g/L) sample solution

R-DABS 0,01 -0,044 0,054 0,00782

S-DABS 0,01 -0,03 0,04 0,00580

DABS-U 0,012 -0,02 0,032 0,00464

t4

A1.1 A2.1 A2.2 A2.3 Increment C(g/L) sample solution

R-DABS 0,003 -0,077 -0,073 -0,077 0,08 0,01159

S-DABS 0,063 0,046 0,051 0,046 0,017 0,00246

DABS-U 0,034 -0,006 -0,003 -0,004 0,04 0,00580

t7

A1.1 A2.1 A2.2 A2.3 Increment C(g/L) sample solution

DABS-U 0,2M 0,013 -0,023 0,036 0,00522

DABS-U 0,5M 0,054 0,013 0,041 0,00594

STANDARD 0,1gr/L -0,025 -0,68 0,655 0,09491

solub. 

DABs

pH t0 pH t4g

R-DABS 7,04 6,39

S-DABS 7,08 6,73

DABS-U 7,64 7,89
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Appendix D Growth media preparation 

In the vitality experiments, the sample was plated into 3 different growth media. 

They were all brought to volume with redistilled water and autoclaved: 

D.1 CYSP medium 

Casein hydrolysate 15 g/L 

Yeast 5 g/L 

Soytone 3 g/L 

Peptone 2 g/L 

NaCl 19.4 g/L 

MgCl2 8.8 g/L 

Na2SO4 3.24 g/L 

CaCl2 1.8 g/L 

MgSO4 15 mg/L 

FeCl3 115 mg/L 

MnCl2 20 mg /L 

Pyruvate 10 mg/mL 

D.2 Marine Broth medium 

Marine broth 2216 40.2 g/L 

Bacto-Agar 15 g/L 

D.3 ONR7a medium 

Solution 1, to a final volume of 600 mL: 

NaCl 22.79 g/L 

Na2SO4 3.98 g/L 

KCl 0.72 g/L 

NaBr 0.083 g/L 

NaHCO3 0.031 g/L 

H3BO3 0.027 g/L 

NaF 0.0026 g/L 

NH4Cl 0.27 g/L 

Na2HPO4 0.089 g/L 

TAPSO 1.3 g/L 
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Bacto-agar 15 g/L 

Solution 2, to a final volume of 300 mL: 

MgCl2 11.18 g/L 

CaCl2 1.46 g/L 

SrCl2 0.024 g/L 

Solution 3, to a final volume of 100 mL: 

FeCl2 0.002 g/L 

The 3 solutions were autoclaved separately, cooled and mixed. Sodium acetate 

at a 1% was added as a carbon source. 
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Appendix E  Flow cytometry report 

Monitoring of ANU5 cells release in sea water by flow cytometry 

Total cell count with SYBR Green (37C for 10’) 

Dead cells or with injured membrane: Propidium Iodide (PI, 5 µg/ml, 37C for 

10’) 

Marinobacterium hydrocarbonoclasticus 
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 Total count (SYBR Green) (ev/ml) Dead or membrane injured 
cells (PI) (ev/ml) 

Free cells 
SOFO 7x107 7x107 (treatment?) 

Free cells 
RAMNO 9x107 9x107 

T0 DAB 
SOFO 6x104 nd 

T0 DAB 
RAMNO 2x105 3x104 
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Comments: 

Marinobacterium hydrocarbonoclasticus cells could be stained with high 

efficiency (≥ 99%, see A01 and A02) even in sea water (C01, D01, E01 in sea 

water + SOFO; C02, D02, E02 in sea water + RAMNO). The flow cytometric 

approach could be useful for the monitoring of cells release. 

The cells used for the assembling of are stained with PI, dead or just membrane 

injured cells? Reversible condition? 

Flow cyto + viable count 

After 24 h incubation  

 Total count (SYBR Green) 
(ev/ml) 

Dead or membrane injured 
cells (PI) (ev/ml) 

T0 DAB 
SOFO 3x106 1x105 

T0 DAB 
RAMNO 4x106 3x105 

 

Comments: 

At T0 Higher release of cells in presence of RAMNO than SOFO (? Ramno 

affects the alginate beads assembling?), but after 24 h the cells release seems 

the same in the 2 conditions. 

 

After 48 h incubation  

 Total count (SYBR Green) 
(ev/ml) 

Dead or membrane injured cells 
(PI) (ev/ml) 

T0 DAB 
SOFO 

5x106 6x105 

T0 DAB 
RAMNO 

6x106 2x105 
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