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of new antibiotics. For the development of new 
antibiotics it is possible to use bacteriophage-
-encoded lysis-inducing proteins, either as re-
combinant proteins or as lead structures. Two 
additional potential medical applications of 
phages are the treatment of viral infections and 
their use as immunizing agents in diagnosis and 
monitoring of patients with immunodeficien-
ces. Due to the immunomodulatory activity of 
bacteriophages, endogenous phages can have 
a possible role in maintaining the homeostasis 
of the immune system [2]. Phage research in 
more recent years has revealed not only their 
abundance and diversity of form, but also their 
influence on the evolution of microbial popula-
tions, and their possible applications [3]. Bac-
teriophages play a fundamental role in this 
new post-genomic era of phage biology, from 
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1. Introduction
Bacterial viruses, or bacteriophages, are viru-

ses of bacteria, which are estimated to be the 
most widely distributed and diverse entities in 
the biosphere. From initial research defining 
the nature of viruses, trough deciphering the 
fundamental principles of life, to the develop-
ment of the molecular biology science, phages 
have been suitable model organisms [1]. Thus, 
related to their nature, they can serve as the 
potential antibacterial agents. Recently, the 
idea of phage therapy which is the use of  bac-
teriophages for both the prophylaxis and the 
treatment of bacterial infections, has gained 
special significance in view of a dramatic rise 
in the prevalence of highly antibiotic-resistant 
bacterial strains concurrently by the  rescission 
of the pharmaceutical industry from research 

This study presents synthesis of paramagnetic particles formed by nanomaghemite (γ-Fe2O3) 
core, whose surface was modified with LaCl3 and entire composite is able to specifically bind the 
bacteriophage λ. In this study we described the structure of bacteriophage λ, its biochemical 
properties and role in the therapy, biotechnology and nanomedicine. In the next part we sum-
marized accessible information about paramagnetic particles, their attributes and specificity 
of binding the bacteriophage λ. Paramagnetic particles show the ability to immobilize bacte-
riophage λ for subsequent analysis using ion-exchange chromatography with Vis detection. 
The presence of bacteriophage λ on the surface of paramagnetic beads was demonstrated by 
sodium dodecyl sulphate gel electrophoresis (SDS-PAGE). It can be stated that paramagnetic 
beads show significant binding ability towards bacteriophage λ. This phenomenon can be 
employed for magnetic separation of bacteriophages prior their possible modifications and 
subsequent application as a cytostatic nanotransporters or antimicrobial agents usable in 
hard-to-heal bacterial infections.
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information emerging from genomics and me-
tagenomics approaches through to applications 
in therapy [4], biotechnology and nanomedici-
ne [5]. Bacteriophage λ is a coliphage (infects 
Escherichia coli) from Siphoviridae family, which 
belongs to tempered phages. The DNA molecule 
is packaged in the phage’s head containing 
single stranded complementary ends (cos sites) 
that hybridize shortly after injection into the 
host. In the cell the phage λ can enter the lytic 
or lysogenic pathway [6]. During lysogenic cycle, 
100 new virions are created from a single virion 
[6]. The viral capsid is a special type of often 
studied protein nanocarriers [7].  

Bacteriophage λ could be used as such nanoca-
rrier; the capsid has the icosahedral form with 
a diameter of 50-60 nm. Its genome contains 
approximately 50 genes in a linear double-st-
randed the DNA of 48 502 bp [8]. 

Superparamagnetic iron oxide nanoparticles 
(SPIONs) are novel material with exceptional 
attributes, which is currently more and more 
employed in various scientific areas, such as 
analytical chemistry to improve the analytical 
performance [9], biosensors development to 
enhance the specifity and sensitivity [10], and 
others. Due to possibility of surface modifica-
tion, SPIONs can provide binding site towards 
broad spectrum of analytes, and thus serve for 
its immobilization, isolation of target delivery. 
Therefore, the main goal of this study is synthe-
sis and characterization of modified SPIONs 
for immobilization of bacteriophage λ with 
aim to improve the operation possibilities for 
further applications in antimicrobial treatment 
or cytostatic encapsulation.

2. Results and Discussion
To demonstrate the binding ability of different 

paramagnetic particles (PMPs) prepared by 
us, we selected phage λ, a well-known bacte-
riophage from Siphoviridae family. In the first 
place, we compared a binding capacity of eleven 
paramagnetic particles synthesized by us. Befo-
re PMPs application it was necessary to include 
six washing steps with phosphate buffer saline 
(PBS), to remove the undesired impurities, 
contained in the solid PMPs after synthesis. 
Next, to achieve the highest yield of phage λ 

binding on surface of PMPs, the incubation 
was performed according to our previous study, 
engaged in the isolation of H7N7 virions  [11]. 
After incubation, the solution containing un-
bound phage λ, PMPs were removed using the 
force of external magnetic field provided by 
the permanent magnet (Chemagen, Baeswei-
ler, Germany). For characterization of phage λ 
binding attributes towards the paramagnetic 
particles the Tris-Glycine SDS-polyacrylamide 
gel electrophoresis was used. Tris-Glycine SDS-
-PAGE has been commonly used for protein 
analysis for more than forty years [12]. This 
method allows for the separation of proteins mi-
xture according to their molecular weight  [12]. 
Employed system allows effective separation 
of proteins in the range approximately from 
300 kDa to 15 kDa. The intensity of the major 
constitutive protein - gpE on gel was measured 
and it was revealed that nearly all of particles 
were able to immobilize the tested organism. 
The highest yields of phage λ bound on surface 
of PMPs were observed in case of MAN81, mo-
dified by LaCl3 (Fig. 1A). To further investigate 
the interaction between phage λ and modified 
SPIONs, IEC-Vis was employed, however prior 
to analyses remaining solid PMPs with bound 
phage λ had to be dissolved in 
3 M HCl to disrupt complex protein structure of 
bacteriophages. After dissolution particles were 
evaporated by nitrogen blow-down evaporator. 
Evaporated analyte was finally resuspended 
with dilution buffer and analyzed. As it is shown 
in Fig. 1B, the highest sum of total amino acids 
(about 114 μM) was again observed in case of 
MAN81 (Fig. 1B). Strong charge-charge in-
teraction may be utilized for maintenance of 
specificity of PMPs-based isolation of phage λ. 
Utilization of natural affinity phage λ based on 
different charges offers a tool for its isolation 
using different nanoparticles.

3. Experimental Section
3.1. Chemicals

Lanthanum(III) chloride, sodium tetrahydri-
doborate, sodium citrate and all buffer solutions 
were obtained from (Sigma-Aldrich, St. Louis, 
MO, USA) in ACS purity unless noted otherwise. 
Methyl cellosolve and tin chloride were pur-
chased from Ingos (Prague, Czech Republic).
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Figure 1: (a) Tris-Glycine SDS-PAGE of phage λ immobilized on a surface of variously modified 
SPIONs. Highlighted is band of major head protein - gpE (b) The IEC-Vis results showing total 
sum of amino acids determined to be bond on a surface of different types of modified SPIONs

3.2. Synthesis and modification 
of superparamagnetic iron oxide 
nanoparticles 

Nanometric maghemite nanoparticles were 
prepared by dissolving of 7.48 g of iron(III) 
nitrate nonahydrate (Fe(NO3)3•9H2O) in
400 mL of water. Reduction was carried out 
by addition of 1 g NaBH4 in 50 mL of 3.5% 
NH3 (w/v). Resulting mixture was warmed at 
100ºC for 2 hours and washed five times with 
water. Washed product was resuspended in 
the water (500 mL). For experiments, obtained 
superparamagnetic nanoparticles were further 
modified instead of MAN32 (pure nanomaghe-
mite). Modifications were as follows: MAN38: 
3-aminopropyl triethoxysilan (APTES) and 
triethoxysilane (TEOS), as is described in our 
previous study [11], MAN41: addition of 5 mL 
of RuCl3, MAN51: addition of 1 g of amberlite, 
MAN60: 100 mg of GR-4 and 1 g of glucose, 
MAN62: 1 mM HAuCl4 and 0.75 mL of 0.1 M 
trisodium citrate, MAN63: 100 mg of graphene 
oxide, MAN66: 3 g of polyvinylpyrrolidone 
(PVP), MAN75: 30 mL of i-PrOH and 4 mL 
of 28% APTES, MAN81: 5 mL of LaCl3•7H2O 
and MAN88: 75 mL of i-PrOH with 10 mL of 
ammonium and 1.66 mL of N1-(3-trimetho-
xysilylpropyl)diethylenetriamine (BAATMS). 
All products were stirred overnight, separated 
using an external magnetic force field and dried 
at 40oC.

3.3. Cultivation and purification of 
bacteriophage λ

Phage λ-producing strain of Escherichia coli 
was cultivated in Luria-Bertani broth (1% tryp-
tone, 0.05% yeast extract and 1% sodium chlo-
ride) with 0.2% maltose for 24 h at 37°C and 
600 rpm. After cultivation, the culture was 
mixed with chloroform at 6:1 ratio and in-
cubated for 1 h at 25°C to kill the producing 
E. coli. The samples were centrifuged at 5200 g 
and 4°C for 10 min to remove E. coli and then at 
10000 g and 4°C for 6 min to remove remaining 
contaminants. Next the supernatant containing 
phage was ultracentrifuged at 130000 g and 
4°C for 3 h. The pellet containing phage was 
resuspended in PBS at protein concentration 
of 15 μg.mL-1 and stored at 4°C. 

3.4. Tris-Glycine SDS-PAGE
Tris-Glycine SDS-PAGE was performed 

according to Laemmli et al. [13]. For electro-
phoresis Mini Protean Tetra apparatus with 
gel dimension of 8.3 × 7.3 cm (Bio-Rad, USA) 
was used. First 12.5% (m/V) running, then 
5% (m/V) stacking gel was poured. The gels 
were prepared from 30% (m/V) acrylamide 
stock solution with 1% (m/V) bisacrylamide. 
The polymerization of the running or stacking 
gels was carried out at room temperature for 
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45 min. The samples were loaded in 5 μL Sample 
Buffer (20 % glycerol, 0.1% bromophenol blue, 
50 mM Tris, 2% SDS) in 2:1. For determinati-
on of the molecular mass, the protein ladder 
#7703 from New England Biolabs (Ipswich, MA, 
USA) was used. The electrophoresis was run at 
200 V for 33 min at 20 °C (Power Basic, Bio-
-Rad USA) in Tris-Glycine running buffer 
(0.025  M Trizma-base, 0.19 mol.L-1 glycine and 
3.5 mmol.L-1 SDS, pH = 8.3). The silver staining 
was performed according to Krizkova et al. 
[14]. The intensity of gpE proteins on gel was 
measured using the Carestream In vivo Xtreme 
software (Carestream Health, Inc., Rochester, 
NY, USA).

3.5. Preparation of sample PMPs for 
bacteriophage isolation

For isolation, we employed 50 μL of dispersion, 
comprising of 40 mg.mL-1 PMPs in 1mL PBS 
(pH 7) with 250 μL of phage λ. After isolation 
(37°C, 1250 rpm, 30 minutes) in thermomixer 
(Eppendorf thermomixer comfort, Germany), 
the sample was dissolved in 3 M hydrochloric 
acid (250 μL) and evaporated using nitrogen 
evaporator Ultravap RC (Porvair Sciences, Le-
atherhead, UK). Finally, the evaporated sample 
was resuspended with ACS H2O (250 μL) and 
analysed using on ion-exchange chromatogra-
phy AAA 400 (Ingos, Prague, Czech Republic).

3.6. Ion-exchange chromatography
For the identification of paramagnetic par-

ticles binding capacity the ion-exchange liquid 
chromatography AAA 400 with post column 
derivatization by ninhydrin was used and the 
absorbance detector in the VIS range set to 
440 nm was employed. Glass column, tempe-
red to 60°C with inner diameter of 3.7 mm 
and 350 mm length was filled manually with 
strong cation exchanger in sodium cycle LG 
ANB with approximately 12 μm particles and 
8% porosity. Experimental conditions were 
applied according to our preliminary study [9].

4. Conclusion
In this study we characterized the binding 

attributes of paramagnetic particles towards 

bacteriophage λ. The highest binding yields 
of phage λ were achieved by using of SPIONs 
modified with LaCl3. Since phage λ is able to 
efficiently kill dangerous pathogen - E. coli, it 
might play important role in management of 
these hard-to-heal bacterial infections. Our 
preliminary results show that bacteriophages 
could be effectively immobilized on a surface 
of nanomaterial, which can thus serve as a 
platform for manipulation with phages for 
further operations - driven application, drugs 
encapsulation of phages surface modifications.
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