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Abstract 
Background: Magnetic separation using magnetic nanoparticles can be used as a simple method to isolate 
desulfurizing bacteria from a biphasic oil/water system. 
Objectives: Magnetite nanoparticles were applied to coat the surface of Rhodococcus erythropolis IGTS8 and 
Rhodococcus erythropolis FMF desulfurizing bacterial cells, and the viability and reusability of magnetite-coated 
bacteria evaluated by using various methods. 
Material and Methods: Magnetite nanoparticles were synthesized through a reverse co-precipitation method. Glycine 
was added during and after the synthesis of magnetite nanoparticles to modify their surface and to stabilize the 
dispersion of the nanoparticles. The glycine-modified magnetite nanoparticles were immobilized on the surface of both 
oil-desulfurizing bacterial strains. Reusability of magnetite-coated bacterial cells was evaluated via assessing the 
desulfurization activity of bacteria via spectrophotometry using Gibb's assay, after the separation of bacterial cells from 
96h-cultures with the application of external magnetic field. In addition, CFU and fluorescence imaging were used to 
investigate the viability of magnetite-coated and free bacterial cells. 
Results: TEM micrographs showed that magnetite nanoparticles have the size approximately 5.35±1.13 nm. 
Reusability results showed that both magnetite-coated bacterial strains maintain their activity even after 5 × 96h-cycles. 
The viability results revealed glycine-modified magnetite nanoparticles did not negatively affect the viability of two 
bacterial strains R. erythropolis IGTS8 and R. erythropolis FMF. 
Conclusions: In conclusion, the glycine-modified magnetite nanoparticles have great capacity for immobilization and 
separation of desulfurizing bacteria from suspension. 

Keywords: Rhodococcus erythropolis; Nanoparticles; Equipment Reuse 

1. Background
Heavy crude oil with high caloric energy has a low 
commercial value because of impurities such as sulfur 
compounds and metals. In addition, the presence of 
sulfur compounds has been linked with the 
environmental problems. Therefore, the elimination of 
sulfur compounds from crude oil is indispensable due to 
global environment (1). 
Sulfur dioxide and nitrogen dioxide can produce acid 
rain, which has known as a threat for the environment, 
the ecosystem, and public health (2). The current 
desulfurization method, i.e. hydro-desulfurization 
(HDS), is not an economical and efficient method for 
the elimination of sulfur compounds from crude oil. The 

disadvantages of HDS method lead the scientific 
community to focus on discovering new technologies 
(2, 3). Bio-desulfurization (BDS) process, as a safe 
method that removes sulfur from dibenzothiophene 
(DBT) derivatives specifically by biocatalysts under 
mild conditions, can potentially be employed as a 
complementary method with HDS. The other 
advantages of BDS method are the absence of 
detrimental by-products, low emission, and minimal 
energy cost. Therefore, this process is known as a 
promising method for removing sulfur from crude oil 
without reducing the caloric value of fossil fuel (4-6). 
DBT is utilized as a compound model in the basal salt 
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mediums (BSM) used for bacterial cultivation. DBT is 
converted to 2-hydroxybiphely (2-HBP) during a 
biodesulfurization process (7, 8). The reaction progress 
is monitored by detecting DBT consumption and 2-
HBP production. Despite these advantages, there are 
several challenges facing the industrialization of the BDS 
approach. Among these challenges is the issue with the 
isolation of microbial biomass from a biphasic oil/water 
system. Compared to other approaches, magnetic 
separation is a simple, cost-effective, and moderate 
technique that has recently been studied (9-11). 
In the recent decades, nanotechnology has been 
advanced increasingly and well-developed 
nanomaterials, such as magnetic nanoparticles, have 
found many applications in biomedicine (12-14). 
Magnetic nanoparticles are suitable for cell separation 
due to their unique magnetic properties (15, 16). 
Magnetite nanoparticles are synthesized by the simple 
method of chemical co-precipitation and their surfaces 
can easily be modified by various surfactants (17, 18). 
The surface-modified magnetite nanoparticles can be 
immobilized on the membrane of bacteria and 
magnetite-coated bacteria isolated from solution via 
applying an external magnetic-field (19-21).  
In the previous studies, magnetite nanoparticles were 
immobilized on the surface of Pseudomans delafieldii, 
Rhodococcus erythropolis LSSE8-1, and Rhodococcus 
erythropolis IGTS8 bacterial cells, where the 
desulfurization activity and reusability of magnetite 
coated bacteria were evaluated (19, 20, 22, 23). On the 
other hand, in our prior study, we coated R. erythropolis 
IGTS8 and R. erythropolis FMF with glycine-modified 
magnetite nanoparticles and investigated the effect of 
magnetite nanoparticles on the desulfurization activity 
of bacterial strains (24). Our results demonstrated that 
the magnetite nanoparticles have not any influence on 
the desulfurization activity of the aforementioned 
bacterial strains.  

2. Objectives 
In this study, we evaluated the desulfurization activity 
and the reusability of magnetite-coated desulfurizing 
bacterial cells. In addition, the toxicity and the effect of 
iron oxide nanoparticles on the viability of bacteria cells 
were evaluated. Magnetite nanoparticles were 
characterized using transmission electron microscopy 
(TEM). Reusability of magnetite-coated desulfurizing 
bacteria was assessed during 5 × 96h-cycles using Gibb's 
assay. Afterward, viability of magnetite coated bacteria 
was investigated via measuring colony forming unit 
(CFU) and fluorescent staining.  

3. Materials and Methods 

3.1. Materials 
DBT and 2-HBP were obtained from Fisher 
(Germany), Gibb's reagent, 2, 6-dicholoroquinone-4-
chloromide, fluorescein diacetate, and propidium iodide 

from Sigma (USA). Ethyl acetate and all other chemicals 
were purchased from Merck (Germany). 

3.2. Bacterial Strains and Culture Medium 
The bacterial strains (Rhodococcus erythropolis IGTS8 
and Rhodococcus erythropolis FMF from the Persian and 
American type culture collections, respectively) were 
cultured in basal salt medium (BSM). BSM is a sulfur-
free medium which contains: 2.44 g KH2PO4, 5.57 g 
Na2HPO4, 2.0 g NH4CL, 0.2 g MgCl2.6H2O, 0.001 g 
CaCl2.2H2O, 0.001 g FeCl3.6H2O, 0.004 g 
MnCl2.4H2O, 2 mL glycerol per liter. In addition, DBT 
(0.54 mmol) as a sulfur source to the final concentration 
of 100 ppm. 

3.3. Synthesis of Magnetite Nanoparticles  
Iron oxide nanoparticles were synthesized by using 
reverse coprecipitation method (25, 26) with adding 
glycine during and after synthesis to stabilize the 
dispersion of nanoparticles. In this method, salt solution 
was prepared by adding ferric chloride hexa-hydrate 
(FeCl3.6H2O) and ferrous chloride tetra-hydrate (FeCl2 
4H2O) with 2:1 molar ratio to 5 mL of deionized water 
and 0.17 mL of HCl (12 M). Then, the salt solution was 
slowly added to be previously prepared alkaline solution 
of Ammonia (pH 9) under a stream of N2. The ammonia 
solution was strongly stirred with mechanical agitator 
during of adding salt solution. Glycine was added as a 
surfactant in two steps during synthesis (1.5 mL 0.27 
g.mL-1) and after synthesis (three mL glycine 0.4 g.mL-

1). After 30 minutes of agitation, the precipitate of 
synthesized nanoparticles was sonicated for 20 minutes. 
Finally, nanoparticles were washed by deionized–
deoxygenated water three times and were re-suspended 
in 40 mL of deionized–deoxygenated water. 

3.4. Magnetic Coating of Bacteria and Magnetic Cell 
Separation 
50 mL of culture medium (Luria's broth (LB)), 
containing bacterial cells grown until the mid-
exponential phase (about 0.3 g.L-1), was harvested by 
centrifugation (4500 rpm for 10 minutes) and the pellet 
of cells  was washed by physiological water (0.85 % NaCl 
in distilled water). Then, the pellets were re-suspended 
into 40 mL of BSM. 5 mL of magnetic fluids (10 g.L-1) 
was added to the solution and was thoroughly mixed 
with it. After the magnetite-coated cells were isolated 
from the solution by using external magnetic field, they 
were cultured in BSM. Separation of magnetite-coated 
and free bacteria was performed during 5 × 96h-cycles. 
After each cycle, their desulfurization activity was 
analyzed by Spectrophotometric Gibbs assay. 

3.5. Spectrophotometric Gibb's Assay 
Desulfurization activity was examined by the Gibb's 
reagent (2,6-dichloroquinone -4-chloroimide) to detect 
the aromatic components containing hydroxyl group 
such as 2-HBP. The measuring of concentration of these 
compounds is performed by spectrophotometer (uv-



Bardania H et al. 

16  Iran J Biotech. 2019;17(2):e2108 

visible JENWAY-Genova) at 610 nm after 30 min 
incubation in 30 °C temperature (27, 28).  

3.6. Characterization of Magnetite Nanoparticles and 
Magnetite-Coated Bacterial Cells 
The size and morphology of nanoparticles and 
immobilization of nanoparticles on the cell surface of 
bacteria were analyzed by transmission electron 
microscope (TEM) (Philips CM 200, 200 kV TEM, 
ATM 2k * 2k CCD Camera).  

3.7. Colony-Forming Init (CFU) Assay for 
Evaluation of Viability of Free and Magnetite-Coated 
Bacteria 
After the first and the second cycles, the CFU assay was 
performed to evaluate the viability of magnetic-coated 
bacteria in comparison with free bacteria. For that, 500 
μL of the medium of 96h-cultured magnetite-coated and 
free bacterial cells were serially diluted with physiologic 
water, with 6-fold dilution in each step. Bacterial 
suspension was cultured on LB agar plates. The colony-
forming units were counted and expressed as CFU.mL-1 
following serial dilution.  

3.8. Viability Probes and Staining Protocol 

3.8.1. Fluorescent Reagent  
Fluorescein diacetate (FDA) and propidium iodide (PI) 
working solutions were respectively prepared at 5 mg.ml 
in 100% acetone and 2 mg.ml in water and their aliquots 
were separately stored in single-usage tubes at –20 °C. 

3.8.2. Staining Protocol 
Fluorescent staining was used to analyze bacteria 
viability. For that, one mL of the medium of 96h-
cultured magnetite-coated and free bacterial cells were 
harvested. Bacterial cells were washed by PBS solution 
and centrifuged at 4000 rpm for 5 minutes at 4°C.  The 
supernatant was removed and the pellet was re-
suspended in PBS solution. 50 µL of PI and 10 µL of 
FDA was added to the bacterial solution and mixed 
thoroughly. After 3-minute incubation in dark and at 
room temperature, vials were placed on ice. Finally, 
these samples were observed under fluorescent 
microscope (Zeiss Germany).  
All of these experiments were performed for both R. 
erythropolis FMF and R. erythropolis IGTS8 bacterial 
cells.  

3.9. Statistical Analysis 
All analysis performed to evaluate the viability and the 
reusability of magnetite-coated and free bacterial cells 
was repeated three times and the results are reported as 
mean ± standard deviation in the resulting plots. To 
determine the statistical significance, all experimental 
data were analyzed by t-test and univariate analysis using 
SPSS version 16.0.  

 

4. Results 

4.1. Characterization of Magnetite Nanoparticles and 
Immobilization of Magnetite Nanoparticles on the 
Surface of Bacteria  
TEM analysis demonstrated that synthesized 
nanoparticles had size 5.35±1.13 nm (Fig. 1). The data 
from the immobilization of magnetite nanoparticles on 
the surface of bacterial cells were reported in our 
previous work (24). Positively charged magnetite 
nanoparticles were spontaneously absorbed on the 
surface of bacterial cells because of the negative charge 
of the surface of bacterial cells (Fig. 2). 

 
Figure 1. TEM Micrographs (A) and size distribution (B) of glycine-

modified magnetite nanoparticles. 
 

 
Figure 2. Schematic illustration of absorption of glycine-modified 
Fe3O4 nanoparticles on the surface of bacteria cells 
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4.2. Evaluation of Reusability of Magnetite-Coated 
Bacteria 
Reusability of magnetite-coated R. erythropolis IGTS8 
and R. erythropolis FMF bacterial cells were evaluated in 
comparison with free bacteria during 5 × 96h-cycles. 
The results demonstrate that both magnetite-coated 
bacterial strains maintain their desulfurization activity 
even after five cycles (Fig. 3). In addition, the 
significance was assessed at 95% confidence level 
(P<0.05) using univaraite statistical analysis. Our results 
show that there is no different between the types of 
bacteria in two magnetite-coated and free states, but 
there are significance changes between time intervals. 
The first significant difference is between the primary 
cycle with other cycles in both free and magnetite-
coated states. However, the second is between 5th of 
cycles of utilizing of magnetite-coated bacteria with 2, 3 
and 4th cycles. 

4.3. Viability Assays of Magnetite-Coated and Free 
Bacteria 
CFU and fluorescent imaging were utilized for viability 
analysis of two R. erythropolis FMF and R. erythropolis 
IGTS8 bacteria in two magnetite-coated and free states. 
CFU is one of the most common methods for analyzing 
of cell viability. The results from this assay showed that 
the number of viable cells of magnetite-coated 
bacteriahas negligible decrease compared to free 
bacteria during different times of the first and second 
cycles (Fig. 4). Stained magnetite-coated and free 
bacterial cells with these fluorescent dyes were imaged 
by a fluorescent microscope. The results exhibited that 
the most of bacterial cells were alive (green colored) in 
both magnetite-coated and free states and the difference 
between the number of green-colored bacterial cells in 
two states was negligible (Fig. 5). 
  

 

 
Figure 3. Repeated desulfurization activity of free and magnetite coated R. erythropolis FMF (A) and R. erythropolis IGTS8 (B). Data are expressed as 

mean ± SD of three independent experiments. * denotes a statistically significant (P < 0.05) difference with other cycles. 
 

5. Discussion
Glycine-modified magnetite nanoparticles were 
synthesized and immobilized on the surface of 
desulfurizing bacteria cells. Glycine, as a surfactant, can 
be immobilized on the surface of magnetite 
nanoparticles through carboxyl group (COOH). The 
immobilization of glycine on the surface of 
nanoparticles prevents the aggregation of nanoparticles 
and, due to its amine groups (NH2), imbue 
nanoparticles with positive charge (29, 30). In addition, 
positively-charged-glycine-modified magnetite 
nanoparticles can simultaneously immobilize on the 
negatively charged surface of bacteria. The surface 
charge of both gram negative and gram positive bacteria 
is negative, but amount of surface charge can be reduced 

or increased proportional to the frequency of anionic 
groups on their surfaces (31). 
Reusability of magnetite coated and free desulfurizing 
bacteria were evaluated for 5 × 96h cycles. In the initial 
cycle, the bacterial cells, which were previously cultured 
in LB, were transferred from a rich medium (i. e. LB) to 
the basal salt medium (BSM). Consequently, the 
significance different between first cycle with other 
cycles may be due to the low compatibility of bacteria 
with minimal medium. On the other hand, the 
desulfurization activity of   magnetite-coated bacteria in 
fifth cycle has significance decrease with the second, 
third and fourth cycles, which is in accordance with the 
results of Guobin et al. 
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Figure 4. Viability of free and magnetite coated bacteria cells in first 
(A) and second (B) usage. The CFU data are expressed as mean ± SD 
of three independent experiments 
 

 

 
Figure 5. Fluorescent images of free (A) and magnetite coated (B) R. 
erythropolis FMF and free (C) and magnetite coated (D) R. 
erythropolis IGTS8 in first usage. 

 
They evaluated the reusability of magnetite-coated 
Pseudomonas delafieldii bacterium for five cycles and 
reported that the magnetite-coated bacteria need more 
time to desulfurize the oil in the later cycles, and that the 
desulfurization activity of magnetite-coated bacteria 
decreased over time (22). The growth and proliferation 
- as well as enzymatic activity- of cultured bacteria in the 
minimal mediums of BSM could diminish over time, 
which could explain the reduction observed by Guobin 
et al. Moreover, it can be because of decrease in 
magnetite-coated cell numbers during five cycles. In 
addition, Li et al considered the reusability of magnetite-

coated R. erythropolis LSSE8, and their results 
demonstrated that magnetite-coated bacteria maintain 
their desulfurization activity after some 20h-cycles; In 
addition, they showed that magnetite nanoparticles 
have high efficiency to separation of magnetite-coated 
bacteria (20). 
Fluorescent staining by FDA and PI dyes was used to 
evaluate bacterial viability. FDA can easily penetrate to 
living cells through plasma membrane and be 
hydrolyzed and converted to fluorescein with color 
green fluorescent in the presence of diesterase enzymes. 
Therefore, alive cells are colored green with the 
accumulation of the fluorescein dye (32). On the other 
hand, PI cannot pass plasma membrane and enter into 
living cells. It can only enter to a dead or membrane-
damaged cells and bond to DNA. Therefore, dead 
bacterial cells are colored red with using of this 
fluorescent dye (32, 33). 
The results show that more magnetite coated bacteria 
are alive in line with other studies which showed 
magnetic nanoparticles have no toxic effect on  bacterial 
or eukaryote cells (32, 34, 35). Some studies have 
evaluated the toxicity of magnetite nanoparticles on 
eukaryote cells (34, 35) and reported that the magnetite 
nanoparticles, having been functionalized with different 
surfactants, have no toxic effect on eukaryote cells. In 
addition, very few studies investigated the effect of 
magnetite nanoparticles on the viability of bacteria (32). 
They showed that Fe3O4 nanoparticles at 0.3, 0.6, and 
1.0 g Fe.L have no inhibitory and adverse effect on the 
growth and the survival of bacterial cells. In addition, 
they demonstrated that stabilized magnetite 
nanoparticles interact with bacterial surfaces without 
causing sufficient damage to inhibit cell growth and 
viability (32). 

6. Conclusions 
The synthesis of magnetite nanoparticles with cheap 
precursor materials is easy and has the potential to using 
in industrial application. The results showed that the 
magnetite-coated bacteria can maintain desulfurization 
activity even after 5 × 96h-cycles. Glycine-modified 
magnetite nanoparticles have no toxic effect on the 
viability and the desulfurization activity of bacteria. In 
conclusion, glycine-functionalized magnetite 
nanoparticles can be used to separate microbial biomass 
from water/oil biphasic system. 
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