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In this research, a simple, efficient, inexpensive, rapid and high yield method for the purification of
6 x histidine-tagged recombinant protein was developed. For this purpose, manganese ferrite magnetic
nanoparticles (MNPs) were synthesized through a co-precipitation method and then they were conve-
niently surface-modified with tetraethyl orthosilicate (TEOS) in order to prevent oxidation and form high
density of hydroxyl groups. Next, the salen ligand was prepared from condensation reaction of salicy-
laldehyde and 3-aminopropyl (trimethoxy) silane (APTMS) in 1:1 molar ratio; followed by complexation
with Ni(OAc),.4H,O0. Finally, the prepared Ni(Il)-salen complex conjugated to silica coated MNPs and
MnFe,04@Si0O,@Ni-Salen complex nanoparticles were obtained. The functionalized nanoparticles were
spherical with an average diameter around 70 nm. The obtained MNPs had a saturation magnetization
about 54 emu/g and had super paramagnetic character. These MNPs were used efficiently to enrich recom-
binant histidine-tagged (His-tagged) protein-A from bacterial cell lysate. In about 45 min, highly pure
His-tagged recombinant protein was obtained, as judged by SDS-PAGE analysis and silver staining. The
amount of target protein in flow through and washing fractions was minimal denoting the high efficiency
of purification process. The average capacity of the matrix was found to be high and about 180 + 15mg g~!
(protein/MnFe;04@Si0O,@Ni-Salen complex). Collectively, purification process with MnFe,04@SiO, @Ni-
Salen complex nanoparticles is rapid, efficient, selective and whole purification can be carried out in only
a single tube without the need for expensive systems.
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1. Introduction

In parallel with the revolutionary improvement of techniques
for efficient expression of recombinant proteins, there is an ever-
increasing need for simple, fast and convenient protein purification
methods which allow for direct isolation of proteins from cell
lysates. Purification of recombinant proteins is an essential step
for studying the structure and function of proteins, and for ther-
apeutic and diagnostic applications. Affinity separations based on
affinity tags that exploit the unique property of extremely specific
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biological interactions to achieve separation and purification is the-
oretically capable of giving robust purification, even from complex
mixtures in a single process. It allows the purification of nearly any
protein without prior knowledge of its biochemical properties. A
variety of proteins, domains, or peptides have been used as affin-
ity tags to facilitate the purification of interest proteins from crude
extracts.

Among the existing protocols, immobilized metal affinity chro-
matography (IMAC) has been considered as one of the most
effective approaches for the separation and purification of recom-
binant proteins [1]. This procedure is based on the interaction
between a transition metal ion (Co%*, Ni2*, Cu?*, and Zn?*) immo-
bilized on a matrix and specific amino acid side chains as electron
donor groups located on the surface of proteins [2-4]. Everson and
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Parker firstly used immobilization of chelating compounds for the
separation of metalloproteinase [5]. IMAC technique became pop-
ular through the research work of Porath [6,7] and Sulkowski [8,9]
who laid the foundations of the technique that is widely used today
and applicable for a variety of purposes, including analytical and
preparative purification of proteins, as well as being a valuable tool
for studying surface accessibility of certain amino acid residues.
IMAC techniques were initially used for separating proteins and
peptides with natural histidine residues. The work of Hochuli et al.
[10] pioneered the efficient purification of recombinant proteins
with engineered histidine affinity handles attached to the N- or C-
terminus, especially in combination with the Ni (II)-nitrilotriacetic
acid (Ni-NTA) matrix.

The poly-histidine tag (usually 6 x histidine-tagged)is one of the
most often used affinity tags [11,12]. The 6 x histidine-tagged com-
prises six consecutively placed histidine residues incorporated into
the C-terminus, N-terminus or both ends of a recombinant protein
of interest without impairing their function due to its small size,
and the tagged proteins can be purified with no extra expensive
reagents or complicated treatments. The whole purification can be
finished in a single capture step using (IMAC) [13-15]. Separation
of histidine-tagged proteins typically occurs in columns containing
resins modified with Ni2* complexes, often Ni2* nitrilotriacetate
(Ni2*-NTA), and these methods are attractive for their high pro-
tein loading, mild elution conditions, and easy regeneration of the
metal complexes on the resin [16,17]. However, slow intraparticle
biomolecule diffusion to binding sites in porous micrometer-sized
beads can lead to relatively long processing time that can be prob-
lematic when purifying unstable proteins [18].

To address these issues, new purification systems based on mag-
netic nano-materials have been recently reported [19-21]. MNPs
have been extensively used in various fields of biotechnology and
biomedicine such as cell and stem cell separation, enzyme immo-
bilization, protein separation and immunoassays [22-27], thanks
to combining the structural and functional advantages [28]. MNPs
with high surface to volume ratio show enhanced physical and
chemical properties and their special magnetic properties allow
quick separation from aqueous systems in the presence of an exter-
nal magnetic field [29]. Their physical and chemical properties can
be tuned by controlling chemical compositions and relative size of
cores and shells. The specific modification of the particles allows
isolation of protein or DNA, as well as magnetic cell separation.
However, most commercial magnetic beads are micrometer sized
and thus have a limited surface area and binding capacity (typi-
cally <25 mg protein/g of beads) [30].

Recently, several groups have successfully reported synthe-
sis of functionalized MNPs for separation of polyhistidine-tagged
proteins [31-33]. For example; Wang et al. synthesized nanostruc-
tured Fe304@NiSiO3 by a facile sol-gel and hydrothermal method
for a selective adsorption of a histidine-tagged protein from the
mixed-protein solutions [34]. Xu et al. reported growth of poly(2-
hydroxyethyl methacrylate) brushes on MNPs and subsequent
brush functionalization with nitrilotriacetate-Ni*? yielding mag-
netic beads selectively able to capture polyhistidine-tagged protein
directly from cell extracts [35]. Xie et al. reported the synthesis of
Fe304/Au core/shell nanoparticles modified with Ni*2-NTA to sep-
arate histidine-tagged proteins from the mixed-protein solution
[36].

The salen-type ligands are Schiff bases, usually prepared by the
condensation of a salicylaldehyde with an amine that are used in
coordination chemistry and homogeneous catalysis. Salen com-
plex contains salen core and transition metal precursors [37]. In
this work, we reported design and preparation of novel MNPs of
MnFe,0,4@SiO,@Ni-Salen complex. Application of these nanopar-
ticles in purification of 6 x histidine-tagged recombinant protein-A,
as amodel for proteins containing histidine tag, has also been inves-

tigated. This protein is a cell wall component of the bacterium
Staphylococcus aureus that binds specifically to many mammalian
immunoglobulins, most markedly IgG and is utilized for oriented
immobilization of antibodies from different sources [40].

2. Experimental
2.1. Chemicals

The used chemicals in this study including MnCl,-4H,O0,
FeCl3-6H,0, NaOH, ammonia aqueous solution, tetraethyl
orthosilicate (TEOS), 3-aminopropyl (trimethoxy) silane (APTMS),
Ni(OAc),-4H,0, salicylaldehyde, tryptone, yeast extract, NaCl,
kanamycin, isopropyl-g-thiogalactopyranoside (IPTG), NazHPOy,
Imidazole, Tris-HCl, glycerol, bromophenol blue, sodium dodecyl
sulfate, polyacrylamide, Dithiothreitol, all had purity of >99% and
were obtained from Fluka, Sigma-Aldrich and Merck.

2.2. Instrumentals

IR spectra were recorded as KBr pellets on a Perkin-Elmer 781
spectrophotometer and an Impact 400 Nicolet FT-IR spectropho-
tometer (Ohio, USA), (http://www.perkinelmer.com/category/
infrared-spectroscopy-FT-IR). X-ray diffraction (XRD) pattern
of the as-synthesized material was obtained using a Holland
Philips Xpert X-ray powder diffraction (XRD) diffractometer
(CuK, radiation, A =0.154056 nm), at a scanning speed of 2°/min
from 10° to 100° (20) (Holland, Company: Panalytical), (http://
www.panalytical.com/Xray-diffractometers.htm). Scanning elec-
tron microscope (SEM) was performed on a FEI Quanta 200
SEM operated at a 20kV accelerating voltage (China, Phenom-
World)(http://www.phenom-world.com/microscopes/phenom-
prox). Thermogravimetric/differential thermal analyses (TG/DTA)
were performed on a thermal analyzer with a heating rate of
20°Cmin~! over a temperature range of 25-800°C under flowing
compressed N, (Perkin Elmer, PYRIS Diamond, Japan)(http://
www.perkinelmer.com/category/thermogravimetry-analysis-
tga). The magnetic measurement of samples was carried out in a
vibrating sample magnetometer (VSM) (4 in., Daghigh Meghnatis
Kashan Co., Kashan, Iran), (http://nano.kashanu.ac.ir/fa/gallery/45/
PhotoList) at room temperature.

2.3. Synthesis of MnFe,0,@Si0,@Ni-Salen complex

2.3.1. Synthesis of MnFe,0,4 nanoparticles

MnFe,04 nanoparticles were prepared following the reported
standard protocol by co-precipitation of MnCl, and FeCl3 in water
in the presence of sodium hydroxide [38]. Briefly, MnCl,-4H, 0 and
FeCls3-6H,0 were taken in molar ratio of Mn2*: Fe3*=1:2 to pre-
pare 0.3 mol L~ metal ion solution of 100 ml containing 0.1 mol L~!
Mn2* and 0.2molL-! Fe3*, and then was slowly dropped into
100 ml NaOH solution of 3molL-! at the preheated temperature
of 95°C. After aging for 2 h with continuous stirring, the mixture
was filtered, washed with deionized water and dried at 60°C for
12h.

2.3.2. Preparation of silica-supported MnFe,0,4 nanoparticles

For silica coating on the surface of MnFe, 04 nanoparticles, 0.5 g
of MnFe,04 nanoparticles were first ultrasonically treated with
50ml of 0.1 M HCl aqueous solution for 10 min. Thereafter, the
MNPs were separated by an external magnet (Madison, WI USA,
Promega) and washed with deionized water. Then, the particles
were homogeneously dispersed in a mixture of 80 ml ethanol, 20 ml
deionized water and 5ml concentrated ammonia aqueous solu-
tion (28%v/v) for 30 min. In the next step, 150 .l TEOS was added
drop wise to the above-mentioned mixture. After stirring at room
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temperature for 6 h, the product was separated and washed with
ethanol and deionized water [39].

2.3.3. General procedure for preparation of the salen ligand

The stoichiometric amount of salicylaldehyde (1 mmol, 0.122 g)
in methanol (25 ml) was added drop wise to the solution of APTMS
(1 mmol, 0.176 g) in 25 ml methanol to obtain 1:1 molar ratio. The
obtained solution is yellow due to the imine formation. Then, the
solution was stirred under reflux conditions. The progress of the
reaction was followed by thin-layer chromatography (TLC) with
ethyl acetate: petroleum ether ratio of 8:2. After completion of the
reaction, the resulting salen ligand, as the bright yellow solid, was
separated by filtration and washed with ethanol (5 ml) and finally
dried in vacuum.

2.3.4. General procedure for the preparation of the salen complex
of Ni(II)

Ni(OAc),-4H,0 (0.248 g, 1 mmol) was added to the solution of
the salen ligand (0.651g, 2mmol) in methanol (25ml) and the
mixture was refluxed for 24 h. After the completion of complex
formation, the solution color was changed to green. The resulting
product was filtered and washed with ethanol. Then, the product
was purified by recrystallization from ethanol and the pure salen
complex was obtained as product.

2.3.5. General procedure for the preparation of
MnFe,0,4@Si0,@Ni-Salen complex

For preparation of the MnFe,04@SiO,@Ni-Salen complex,
MnFe,04@Si0O, (1g) was first ultrasonically dispersed in 25 ml
ethanol followed by addition of Salen complex of Ni(Il) (1 mmol,
in 10 ml ethanol). The mixture was refluxed for 12 h. After stirring,
the MNPs were harvested by magnet, washed several times with
ethanol to remove unreacted Ni(OAc), and dried under vacuum at
50°C.

2.4. Expression of 6 x histidine-tagged recombinant protein-A in
E. coli and its purification by MnFe,04@SiO,@Ni-Salen complex

2.4.1. Growth of bacteria and induction of gene expression

Protein-A with 6 x histidine residues in their C-terminus
(molecular weight of about 42 kD) was expressed in the bacterial
cytosol. The expression plasmid, pET21 was prepared and trans-
formed into E. coli BL21 (DE3) as host strain. A single transformed
colony was inoculated into 3 ml of Luria Broth (LB), (10gL~! tryp-
tone, 5gL-1 yeast extract, and 10gL~! NaCl) medium containing
50 wg mL~! kanamycin and grown overnight at 37 °C with shaking
at225 rpm. Next day, the overnight culture was inoculated 1:100 ml
into fresh LB medium containing 50 g mL~! kanamycin and grown
at 37°C until the optical density at 600 nm (OD600) reached to
0.4. At this point, protein expression was induced by 100 .1 of 1M
isopropyl-B-thiogalactopyranoside (IPTG) to give a final concentra-
tion of 1 mM. The induced culture was continued for 4 h and then
processed for protein extraction.

2.4.2. Cell lysis and protein extraction

Bacterial cells were harvested by centrifugation at 4000 rpm,
4°C for 10min. Supernatant was aspirated off and cells were
washed three times with cold binding-wash solution (20 mM
NayHPO4, pH=7.0). The cells were then re-suspended in 2 ml cold
lysis buffer (20 mM Na;HPO4, 10 mM imidazole, pH =7.0). Cell lysis
was further continued by sonication on ice (15s at 70% power,
four times, 1 min intervals with a M73 probe). The lysate was
centrifuged at 12000 rpm, 4 °C for 10 min to remove the crude pre-
cipitates. Supernatant was then filtered through a 0.2 um cellulose
acetate filter (Millipore, USA) as soluble cell extract (SCE).

2.4.3. Protein purification by MnFe,0,@SiO,@Ni-Salen complex
MNPs

At first, 5mg of MnFe,0,@SiO,@Ni-Salen complex MNPs in
stable powdery form were transferred into the eppendorf tubes,
washed, and equilibrated three times with 500 w1 cold lysis buffer.
After each pipetting and mixing, tube was placed on a magnet until
the beads migrated to the side of the tube and the clarified liquids
were discarded. Meanwhile, 800 .l SCE were diluted with 200 .l
cold lysis buffer before mixing with beads. The mixture mixed well
by gentle pipetting and incubated for 30 min on a roller mixer for
protein binding. After the binding process, the tubes were placed
in the magnetic separator and except a small volume (30 1) of the
clarified supernatant which was collected and frozen for further
analysis as flow through samples (FT); the rest was removed and
discarded. The washing steps were performed four times by adding
500 pl wash buffer (50 mM NaH;POg4, 300 mMNacCl, 10 mM imida-
zole, pH = 8.0) to remove nonspecifically-adsorbed proteins. At each
washing step, a small portion of supernatant was collected (W;_4)
and the rest was discarded. After four washing steps, the entrapped
histidine-tagged proteins were eluted with 200 ul elution buffer
(50 mM NaH;PO4, 300 mM NacCl containing 100 or 250 mM imida-
zole, pH 8.0). Supernatant from each elution step (E1-5) was then
collected and stored at —20°C. Thirty pl of all collected samples
including SCE, FT, W1-4 and E1-5 were mixed with 7 pl of load-
ing buffer (50 mM Tris-HCI pH 6.8, 10% glycerol, 2.5% SDS, 0.1%
bromophenol blue, 25 mM Dithiothreitol), boiled for three min-
utes and subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

2.4.4. Western blotting

After separation on SDS-PAGE gel, proteins were transferred
to nitrocellulose membranes (Hybond-ECL; Amersham, Sweden)
in 100 mM Tris-HCl pH 7.5, containing 2.5M NaCl, 0.5% Tween
20, 2% Triton X-100 and 20% (v/v) methanol, for 1h at 1 mA/cm?,
using a Bio-Rad apparatus (Berkeley, California, USA). To detect pro-
teins, membranes were blocked in bovine serum albumin (BSA) 5%
for 3 h followed by incubation for 1h at 4°C with a horseradish
peroxidase (HRP)-conjugated monoclonal anti-His antibody at a
1:100,000 dilution. Membranes were developed with ECL detec-
tion kit according to the manufacturer’s instruction (Hybond-ECL;
Amersham, Sweden).

2.4.5. Determination of physical parameters of
MnFe,0,@Si0,@Ni-Salen complex MNPs for protein purification

Physical parameters of the prepared MNPs including percent
of specific binding capacity, yield and recovery were determined
as we described elsewhere [48] by a densitometry method. The
method of densitometry we employed was based on calculation
of AUC (area under curve) which was based on both band den-
sity (height of the curve) and band area (width of the curve). In
brief, specific binding capacity of the matrix was calculated as per-
cent of desired band density in flow through fraction subtracted
from 100%. Yield of the matrix was defined as the sum of the per-
cents of the specific band densities at four elution steps (E1-4).
Recovery was also calculated as the percent of purification yield
divided by specific binding capacity. For determining MNPs binding
capacity (mg/g MNPs), collective protein content in eluted fractions
was measured photometrically having known the absorptivity of
protein-A to be 1.65 according to the Beer-Lambert law. The results
were obtained from four different individual tests and expressed as
mean + SD.

3. Results and discussion

In this research, we first synthesized 2-(((3-(trimethoxysilyl)-
propyl)imino)methyl) phenol. The salen ligand was prepared from
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Fig. 1. Preparation of 2-(((3-(trimethoxysilyl)propyl)imino)-methyl)phenol from condensation reaction of salicylaldehyde and 3-aminopropyl (trimethoxy) silane.
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Fig. 2. Preparation of Ni-Salen complex via the reaction of Schiff base ligand with

Ni(OAc);-4H,0 in 2:1 molar ratio.
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Fig. 3. Preparation of MnFe,0,@SiO,@Ni-Salen complex as a result of reaction
between prepared Ni-Salen complex with silica-supported MnFe, 04 nanoparticles.

the reaction of salicylaldehyde with APTMS in 1:1 molar ratio in
methanol under reflux condition for 8 h. (Fig. 1).

At the next step, Schiff base complex was prepared by treating
the above mentioned Schiff base ligand with Ni(OAc),-4H,0 in 2:1
molar ratio in methanol under reflux condition (Fig. 2).

The structure of products was characterized by physical and
spectroscopic investigations. FT-IR spectrum of the Schiff base
exhibited a band at 1634cm™! assignable to C=N of azomethine.
This band shifted to lower region and appeared in 1620 cm™!
because of coordination of the nitrogen atom with Ni(Il) indicat-
ing complexation of imine group. The OH stretching frequency was
appeared at around 3331-3353 cm~! with particular width and
some bands at 1400-1500cm~"! assigned to stretching vibrations
of aromatic rings. In the "H NMR spectrum, the broad signal at
13.2 ppm was assigned to the proton of the hydroxyl group. The
proton of HC=N has chemical shift in 8=8.5ppm. The aromatic
protons exhibited multiplet in the region 8=7.33-7.80 ppm with
four integral values. The signals around & = 0.83-1.80 ppm with six
integral values were assigned to the protons of CH, groups [41].

Finally, in order to prepare functionalized nanoparticles, salen
complex of Ni(Il) was supported on MnFe,04@SiO, nanoparticles.
This protocol has been illustrated in Fig. 3. Superparamag-
netic manganese ferrite nanoparticles were synthesized by a
co-precipitation method in basic aqueous medium [38]. The
coating process was performed by suspending the MNPs in an
ethanol-water solution and mixing with TEOS to form a silica
shell [39]. Then, the prepared Ni-Salen complex was immobi-
lized on the surface of MnFe;0,4@SiO, in methanol solution under

reflux condition. Characterization of the prepared MNPs was per-
formed with different physicochemical methods such as; Fourier
Transform Infrared (FT-IR) spectroscopy, X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM), Vibrating Sample Magne-
tometry (VSM), Thermo Gravimetric analysis (TGA), and Energy
Dispersive X-rays (EDX) analysis.

3.1. Characterization of the catalyst

3.1.1. FI-IR spectra

S1insupportinginformation shows the FT-IR spectra of the sam-
ples including MnFe,04, MnFe,;0,4@Si0, and MnFe,0,@Si0O,@Ni-
Salen complex. In S1 (a) (supporting information), the band at
584 cm~! were assigned to the vibration of the Fe—O. In addition,
there were obvious peaks at 3427 cm~! and 1630 cm~! that could
be attributed to —OH groups [41]. In compared to the curve a, the
curve b shows the Si—0—Si stretching of the silica layer appeared
as a strong peak at 1100 cm~! [42]. For MnFe,04@Si0,@Ni-Salen
complex (S1 (c); supporting information), two obvious bands at
2925cm~! and 2860 cm~! were observed which were assigned to
C—H stretching. Some weak bands at 1400-1500cm~! assigned
to stretching vibrations of C=C bands in aromatic ring. The C=N
stretch of the imine was appeared at 1618 cm~! due to the coor-
dination of the nitrogen with Ni (II). FT-IR spectra confirmed the
modification of MnFe,0,@SiO,@Ni-Salen complex through the
obvious peaks.

3.1.2. X-ray diffraction (XRD)

The crystalline structure of the synthesized MnFe;04,
MnFe,04,@Si0, and MnFe,0,@Si0,@Ni-Salen complex was
determined by X-ray diffraction (XRD) (S2; supporting informa-
tion). In the 20 of 20-80°, six characteristic peaks for MnFe,04
(20=29.94°, 35.24°, 42.75°, 52.94°, 56.42°, and 61.86°) were
observed for three samples. The peak positions at the corre-
sponding 20 were indexed as (220), (311), (400), (331), (422),
and (333) respectively, which matched well with the database for
magnetite in the JCPDS-International center for diffraction data
(JCPDS 1964-73) file.

3.1.3. Scanning electron microscopy (SEM)

S3 in supporting information depicts SEM images MNPs.
MnFe, 04 particles were found to be spherical with particle size in
a mean diameter of about 30-35 nm (a). MnFe, 04,@SiO, @Ni-Salen
complex nanoparticles were nearly spherical with average size of
70-85 nm (b). Therefore, coating of MNPs with Schiff base complex
did not seem to significantly affect morphology of MNPs.

3.1.4. Vibrating sample magnetometry (VSM)

Vibrating sample magnetometry (VSM) was employed to study
the magnetic properties of the synthesized MNPs. The magnetic
hysteresis loops of the samples at room temperature are illustrated
in S4 (supporting information). The saturation magnetization value
of pure MnFe, 0, at room temperature was 56 emu g~! which was
decreased to about 36 emu g~ after coupling with Schiff base com-
plex. Since no remanence remained when the external magnetic
field was removed, it could be concluded that both MnFe,04 and
MnFe,0,@Si0,@Ni-Salen complex had superparamagnetic nature
at room temperature. Such characteristic is important because
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Fig.4. Schematic representation of 6 x His-tagged protein-A separation from crude
E. Coli lysate using MnFe;04@SiO, @ Ni-Salen complex MNPs in three steps: binding
(1), separation (2) and elution (3).

it prevents aggregation of the particles and enables them to re-
disperse rapidly in the solution. In the absence of an external
magnetic field, the synthesized MNPs exhibited a stable dark homo-
geneous solution with excellent dispersity. However, when an
external magnetic field was applied; nanoparticles were attracted
to the wall of the vial and the solution became completely clear and
transparent.

3.1.5. Thermo gravimetric analysis (TGA)

Differential thermal analysis (DTA) measurements of the com-
plex showed an endothermic peak at low temperature (lower
than 200°C) and an exothermic peak between 200 and 600°C
(S5, supporting information). Thermogravimetric analysis (TGA)
of the MnFe,0,4@SiO,@Ni-Salen MNPs supported above data on
endothermic peak to be below 200°C which is attributed to
the weight loss of MNPs (7%) due to release of physisorbed
water molecules on the surface of the complex. The exother-
mic peak accompanied with a 5% mass loss in the temperature
range of 200-600°C. Through the TGA analysis, the content of
ligand in MnFe,04@SiO,@Ni-Salen complex was estimated to be
0.15mmol g1,

3.1.6. Energy dispersive X-rays (EDX) analysis

By ICP analysis, Ni content in the MnFe, 04@SiO, @Ni-Salen com-
plex was determined to be 0.38 mmol g~!. Elemental composition
of prepared MNPs was further analyzed by energy dispersive X-
rays (EDX) analysis showing the presence of C, N, Mn, Si, O, Fe and
Ni (S6, supporting information).

3.2. Purification of 6 x His-tagged proteins

The separation process of 6 x histidine-tagged recombinant
protein-A from crude E. coli lysate is illustrated in Fig. 4. In a typical
experiment, MnFe,04@Si0,@Ni-Salen complex MNPs were added
to the SCE at room temperature for 30 min and then separated
from the solution by applying an external magnet. The physically
adsorbed proteins or residual protein solution were removed by
washing processes. Then, attached 6 x histidine-tagged recombi-
nant protein-A was released from MNPs by imidazole. The prepared
nanoparticles showed excellent binding selectivity (Fig. 5) and
capacity (Fig. 6) for 6 x histidine-tagged recombinant protein-A.

Fig. 5(A) illustrates representative result of SDS-PAGE analy-
sis of purified 6 x histidine-tagged recombinant protein-A from
E.colicell lysate by MnFe,0,4@SiO,@Ni-Salen complex MNPs. Anal-
ysis of SCE revealed over expression of recombinant protein-A
(42 kD). Binding efficacy of the recombinant protein on prepared

g ‘s B 2

42KD
: . (A) (©)
42 KD

(B)

Fig. 5. Characterization of 6 x histidine-tagged protein-A purified by
MnFe,04@Si0,@Ni-Salen complex. A and B: SDS-PAGE and Silver staining,
respectively. Lane 1: SCE, Lane 2: Flow through, Lane 3: Wash 1, Lane 4: Wash 4,
Lane 5-9: Eluates at imidazole concentrations of 100 (three elution steps) and 250
(two elution steps), respectively. (C) Lanes 1 and 2: Western blotting of purified
protein-A using anti-his-tag antibody.
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Fig. 6. Recycling capacity of the MnFe,0,@SiO,@Ni-Salen complex MNPs for
separation of 6 x histidine-tagged recombinant protein-A. The recyclability of
MnFe,0,@SiO, @Ni-Salen complex MNPs was evaluated by normalizing the binding
capacity at each separation run in ratio to the first cycle.

MNPs was high as only tiny amount of target protein was lost
in flow through and washing steps, while almost all non-specific
proteins were removed after separation step (lane 2). The bound
protein-A anchored to MnFe,04@SiO,@Ni-Salen complex MNPs
through histidine tagged were eluted at the next step with increas-
ing concentrations of imidazole. A single band of target protein
was achieved at all elution steps denoting excellent selectivity of
prepared MNPs (lanes 5-9). In order to confirm binding selectiv-
ity of MnFe,0,4@SiO, @Ni-Salen complex, the purity of the purified
recombinant protein was tested with silver staining which has sen-
sitivity in nanogram scale. As depicted in Fig. 5(B), silver staining of
purified protein revealed a single band of target protein confirm-
ing the selectivity of the prepared MNPs. Western blot analysis with
anti-histidine-tagged antibody also confirmed the identity of puri-
fied recombinant protein A. (Fig. 5(C)). The reactivity of purified
protein A was also checked using indirect ELISA. Purified protein-A
exhibited excellent reactivity with sheep immunoglobulin indi-
cating functionality of the purified recombinant protein (data not
shown).
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Table 1
Physical parameters of the MnFe,;0,@SiO,@Ni-Salen complex MNPs.

Specific binding capacity (%) Relative band density (%) Yield (%) Recovery (%) Binding capacity (mgg')
E100 E100, E1005 E250, E250,
82.2 4 8.2 15.2 16.8 18.8 63 76 180+15
086 7% 0 | Table 2
9 ths BRI L Comparison of binding capacity of some MNPs for purification of histidine-tagged
42KD —s - — — — — -— [ —— recombinant proteins reported in the literature.

Fig. 7. SDS-PAGE analysis of 6 x histidine-tagged protein-A purified by
MnFe,0,@SiO,@Ni-Salen complex (A) and SiMAG/N-NTA/Nickel (B). Lane 1:
SCE, Lane 2: Flow through, Lane 3: Wash 1, Lane 4: Wash 4, Lane 5-9: Elutes at
imidazole concentrations of 100 (three elution steps) and 250 (two elution steps),
respectively.

3.3. Reusability of the MnFe,0,4@SiO,@Ni-Salen complex MNPs

The recyclability of the MnFe,0,@SiO,@Ni-Salen complex
MNPs for separation of 6 x histidine-tagged recombinant protein
was tested in five successive runs of protein-A separation (Fig. 6).
After each separation, the MNPs were rinsed with strip buffer
(100 mM EDTA, 500 mM Nacl, 20 mM Tris-HCl, pH 7.9) for three
times to wash out the excess imidazole and to clean the surface of
the particles. The recyclability of MnFe,04@SiO,@Ni-Salen com-
plex MNPs was evaluated by normalizing the binding capacity of
the matrix at each separation run in ratio to the binding capacity
in the first cycle. We observed that the binding capacity of the syn-
thesized MnFe,0,@Si0,@Ni-Salen complex MNPs was decreased
by about 13% after 5 runs of protein separation (Fig. 6), which could
be attributed to the loss of a small fraction of matrix in each run of
separation and also to residual protein fraction which remain in the
matrix in spite of using high concentrations of imidazole. The latter
could result in deactivation of a part of matrix active sites.

The purification selectivity of prepared MNPs was compared
with commercially-available MNPs, SIMAG/N-NTA/Nickel (Chemi-
cell, Berlin, Germany). As shown in Fig. 7, comparable selectivity
was observed. However, target protein was released from our
matrix in a stepwise manner by increasing imidazole concentra-
tion, while most of the attached protein to commercial matrix was
eluted by stating concentration of imidazole. This result indicates
higher affinity of recombinant protein to the matrix synthesized in
this study.

3.4. Physical parameters of the MnFe,04@SiO,@Ni-Salen
complex MNPs for protein purification

Physical parameters of the prepared MNPs including percent
of specific binding capacity, Yield and recovery and also binding
capacity (mg/g) were calculated by a densitometric method and
corresponding results were expressed in Table 1.

Table 2 summarizes the binding capacity of other synthetic
schemes for metal-chelating MNPs reported by other investiga-
tors for purification of different histidine-tagged proteins [43-47].
However, it should be noted that a frank judgment on compara-
tive binding capacity of the MNPs presented here relative to those
reported by others could not be merely made based on the results
presented in Table 2; instead the nature of the recombinant protein
may also be regarded as one important factor that influences this
parameter.

Structure of beads Binding Capacity (mgg~') Refs.

1 Fe304/Cys-Ni*? 48.2 [43]
2 Ni-NTA-MNPs 146 [44]
3 Fe304/PMG/IDA—Ni2* 103 [45]
4 Fe304/Si02-GPTMS-Asp-Co 9.45 [46]
5 Fe304/Au-ANTA-Co?* 74 [47]
6 MnFe,;04@Si0,@Ni-Salen complex 180 This work

4. Conclusion

In the present study, we developed a simple and inexpen-
sive method for the preparation of a novel and efficient magnetic
nanoparticle for purification of His-tag recombinant proteins. Our
results clearly showed that these MNPs had excellent physical capa-
bilities for protein purification including high efficiency, selectivity
and capacity for the rapid purification of recombinant proteins.
Indeed, prepared MNPs exhibited high recyclability and stability for
purification of His-tagged proteins over several separation cycles
which would facilitate their biomedical applications.
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