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A novel nickel-modified nano-magnetite for isolation
of histidine-tagged proteins expressed in Escherichia coli
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Abstract
Nano-magnetite with superparamagnetism could be coated by some organic compounds or by nano Au or Pt via surface
modifications with multi-step reactions for the applications of isolating histidine-tagged (His-tagged) proteins. Introducing active
sites of binding histidine onto the surface of nano-magnetite was the ultimate task. However, multi-step treatments might result in
departure of the coatings from the surface of the nano-magnetite, which led to loss of active sites. In this work, we reported a
convenient and efficient way of treating nano-magnetites and applied them in isolating His-tagged proteins. Carboxylates were
introduced on the surface of home-made nano-magnetite directly via ultrasonic mixing with sodium bitartrate rather than
complicated surface modifications, which was proved by thermogravimetric analyses. Ni2+ was, therefore, caught by the car-
boxylates of the coating via the coordinate interaction, demonstrated by X-ray photoelectron spectra. The coated magnetic
nanoparticles with the bonded Ni2+ were successfully employed to selectively bind and separate recombinant His-tagged proteins
directly from the mixture of Escherichia coli cell lysate, and showedwonderful affinity for His-tagged proteins with the saturated
adsorption amount being 556 mg g−1. Additionally, such functionalized nano-magnetite manifested the excellent recyclability in
isolating His-tagged proteins.
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Introduction

The use of DNA recombinant technology to express tagged
fusion proteins is among the most favorable strategies for
large-scale production and purification of proteins. Histidine
tag (His-tag) is widely used to expedite the separation of re-
combinant proteins from a crude lysate. Magnetites with
nanoscale were applied extensively in the biological domain
depending on its superparamagnetism according to recent re-
ports. Due to the cheap raw materials, easy preparation, and

efficient coating for constructing a target interface, nano-
magnetite provided an economical approach of isolating and
purifying proteins. Various techniques were invented to build
a favorable interface for docking Ni2+ [1–3], Cu2+ [4], or Co2+

[5], which provided active sites for the coordination with His-
tagged proteins. Nα,Nα-bis(carboxymethyl)-L-lysine hydrate
(or aminobutyl nitrilotriacetic acid, abbreviated as ANTA)
was applied commonly in catching Ni2+ due to the chelation
between the carboxyl groups and Ni2+ [2, 6]. Several ap-
proaches were explored for binding ANTA onto the surface
of nano-magnetites via a reaction between primary amino of
ANTA and surface functional groups of magnetite [3, 5, 7–9].
For example, ANTA could be involved in the combination
with surface epoxy groups of nano-magnetite via the addition
reaction between the primary amino of ANTA and the epoxy
[8, 9]. During the process, the first step of coating magnetite
with a proper chemical reagent was vital. On the one hand, the
affinity between the reagent and magnetite should be firm and
stable. On the other hand, such coating should possess proper
terminal groups with chemical reactivity that could be in-
volved in the successive chemical modifications or the
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coordination with Ni2+ directly. Generally, it was accepted
that there were hydroxyls on the surface of nano-magnetites
[8, 10]. Thus, silane coupling agents with various end func-
tional groups could be linked with nano-magnetite [1, 3, 8,
10–13]. For instance, nano-magnetite could be coated directly
by 3-(trimethoxysilyl)propyl methacrylate [12]. The terminal
C=C involved further reaction of copolymerization with glyc-
idyl methacrylate. Successively, iminodiacetic acid reacted
with the end epoxy group for introducing the carboxyl groups
on the surface of nano-magnetites. 4-Vinylbenzyl chloride
could also take part in the copolymerization with the end
C=C. The terminal chlorine could be substituted by imino of
iminodiacetic acid [10]. The introduced carboxyl groups
played a key role of catching Ni2+. Iminodiacetic acid could
also be combined with 3-glycidoxypropyltrimethoxysilane
firstly. Then, carboxylates were introduced directly onto the
surface of nano-magnetite via the interaction between nano-
magnetite and trimethoxysilane [13]. These approaches of in-
troducing carboxyl groups on the surface of nano-magnetites
were more inexpensive than that of introducing ANTA.
Replacement of ANTA with iminodiacetic acid and applica-
tion of a silane coupling agent realized the activation of nano-
magnetite and reduced the experimental costs obviously.
However, the silane coupling agent was apt to hydrolyze in
aqueous medium that declined the effectiveness of coating. In
fact, coating nano-magnetite depended mainly on the treat-
ment of the first step. The weak interaction between the po-
larized surface of magnetite and coating could not endure
intensive disturbing during successive chemical modifications
for introducing carboxyl groups. It was possible that the intro-
duced iminodiacetic acid or ANTAwas inclined to leave from
the surface of nano-magnetite finally. Therefore, more atten-
tions should be paid on coating in the first step for realizing the
intensive interaction between the coating and magnetite.

Several reports about coating Au or Pt on the surface of
nano-magnetites had been published recently [14–16]. The
intensive interaction between surface Au or Pt and 3-
mercaptopropionic acid favored the introducing of ANTA
during the next steps for realizing binding of Ni2+ or Co2+

via the coordination. However, such a way of coating with
Au or Pt was troublesome and costly. Comparatively, coating
nano-magnetite directly with organic compounds which play
a role of immobilizing Ni2+ was more efficient and conve-
nient. For example, nano-magnetite could be coated directly
by histidine which depended on the intensive interaction be-
tween carboxyl of histidine and surface hydroxyl of magnetite
[17]. The terminal imidazole undertook the affinity with Ni2+,
which performed well in purifying His-tagged proteins.

Herein, we provided a convenient approach of direct coat-
ing nano-magnetite with sodium bitartrate for immobilizing
Ni2+ and realizing efficient isolation of His-tagged proteins.
The sodium bitartrate with several polar functional groups
played the dual roles of coating magnetite and catching

Ni2+. Compared with conventional immobilized metal affinity
chromatography (IMAC)–based affinity methods and proto-
cols based on affinity magnetic nanomaterials, the NM-SB-Ni
used in this article avoided time-consuming operation for pro-
tein separation and complicated chemical modifications step
by step for nanoparticle preparation. The inexpensive raw ma-
terials and gentle conditions of preparing the nano-magnetite
as well as the facile approach of docking Ni2+ reduce the cost
of protein isolation.

Materials and methods

Chemical reagents

Ferric chloride hexahydrate (99%), ferrous chloride
tetrahydrate (99%), sodium hydroxide (97%), and sodium bi-
tartrate monohydrate (≥ 99.0%) were purchased from Aladdin
Company (Shanghai, China) and used without further purifi-
cation. A protein molecular weight marker (catalog no.
26616) was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Double distilled water was used
throughout the whole work.

Preparation of nano-magnetite and the coating with
sodium bitartrate

Solutions of ferric chloride and ferrous chloride were mixed at
25 °C according to the molar ratio of 1:2. The mixture was
agitated violently and was alkalized with dropwise NaOH
solution (0.5 mol L−1) until the pH reached 11.0. The agitation
lasted for more than 24 h. The color of the reactants changed
from dark green to brown gradually during the reaction. The
complete brown indicated finish of the reaction. The purifica-
tion of the nano-magnetite was realized conveniently with a
magnetic rod. The nano-magnetite particles were collected
(represented with NM) and stored in aqueous media.

Such a mixture of 30 mL (containing 45.5 mg nano-mag-
netite) was mixed with 0.45 g sodium bitartrate in a beaker
and disposed ultrasonically for 4 h at room temperature. A
magnetic rod was placed outside the beaker for collecting
magnetic solids and the aqueous solution in the mixture was
dumped. The magnetic solids were washed with 50 mL water
and collected with a magnetic rod. Such a process was repeat-
ed for four times for removing any free sodium bitartrate.
Finally, nano-magnetite coated by sodium bitartrate was ob-
tained (represented with NM-SB), which was stored in an
aqueous medium.

Immobilization of Ni2+ with NM-SB

A 20-mL NM-SB suspension was measured and mixed with
50 mL NiSO4 solution (0.17 mol L−1). The mixture was
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treated ultrasonically for 4 h for realizing binding of Ni2+. The
excess Ni2+ was removed. Then, 50 mL water was added in
with stirring for removing the free Ni2+. The magnetic parti-
cles were collected and washing was repeated. These process-
es were cycled for three times for removing any free Ni2+. The
products were represented with NM-SB-Ni.

Characterization techniques

The pattern of prepared nano-magnetite was characterized by
X-ray powder diffraction (D8 ADVANCE, BRUKER
Company). The morphology was checked by image of trans-
mission electron microscopy (TEM, Tecnai G2 F20 S-TWIN,
FEI Company). Thermogravimetric estimation (Thermax 700,
Thermo Fisher Scientific) with flowing nitrogen gas and a
heating rate of 10 °C min−1 demonstrated the surface coatings
of nano-magnetites. The immobilization of Ni2+ was demon-
strated by X-ray photoelectron spectrum (KRATOS
AMICUS). Wide scan over a binding energy of 0–1350 eV
and high-resolution scans (step = 0.05 eV) were executed for
obtaining the surface ingredient and elemental information. C
1s spectrum was deconvoluted in nonlinear least-square fitted
for obtaining the C 1s signal in different environments.

Preparation of His-tagged proteins

In this study, two different His-tagged proteins were prepared.
His-tagged human carbonic anhydrase II (his-hCA II) protein
was expressed and purified via procedures reported in our
previous study [18]. His-hCA II containing a hexahistidine
sequence tagged at the C-terminus was designed, synthesized,
and cloned into pET-30a (+) plasmid using Nde I andHind III
restriction sites by GeneScript (GeneScript, USA), and human
peptidyl-prolyl cis/trans isomerase NIMA-interacting 1
(PIN1) gene with hexahistidine sequence tagged at the C-
terminus (his-Pin1) was designed, synthesized, and cloned
into pET-28a (+) plasmid using Nco I and Xho I restriction
sites by Synbio Tech (Synbio Technologies, Suzhou, China).
His-Pin1 recombinant plasmids were transformed into
Escherichia coli (E. coli) BL21 (DE3) (Novagen, Merck,
Shanghai, China) using standard protocols. The transformed
cells were grown to OD600 of 0.6 in Luria-Bertani (LB) me-
dium containing 100 μg/mL of kanamycin at 37 °C and
220 rpm, induced with 0.2 mM isopropyl β-D-thiogalactopy-
ranoside (IPTG) for 6 h, and pelleted at 4000 rpm. The cells
were resuspended in lysis buffer (50 mM Tris, 150 mMNaCl,
5% glycerol pH 8.0) and disrupted using a sonicator (Xinzhi
Biotech, Ningbo, China) in an ice bath for 20 min at 200 W.
After centrifuged at 15,000 rpm for 10 min, the supernatant
and cell debris were collected, and SDS-PAGE and
Coomassie brilliant blue R-250 staining assay were conducted
to detect the expression level of his-Pin1. Protein concentra-
tion was determined using a Bradford assay. The supernatants

of E. coli cell lysate containing his-hCA II or his-Pin1 proteins
were used for enrichment and separation experiments.

Enrichment and separation of His-tagged proteins
from E. coli cell lysate using NM-SB-Ni

NM-SB-Ni (200 μL, 1.87 mg mL−1) nanoparticles were
separated from the solution using DynaMag™ Spin
Magnet (Life Technology). Then, 300-μL diluted superna-
tant of E. coli cell lysate containing his-hCA II or his-
Pin1 was added directly into nanoparticles and rotated for
1 h at 4 °C. The nanoparticles having captured His-tagged
proteins were isolated from the solution using magnet and
washed with 300 μL washing buffer (50 mM Tris,
150 mM NaCl, 50 mM imidazole at pH 7.5) to reduce
the non-specific interactions. After that, the trapped His-
tagged proteins were eluted from targeting nanoparticles
by the addition of an elution buffer (50 mM Tris,
150 mM NaCl, 250 mM imidazole at pH 7.5) with a
volume of 300 μL and rotated at 4 °C for 10 min. The
protein solutions collected at each step were detected by
SDS-PAGE and Coomassie brilliant blue R-250 staining
assay. Equal amounts of NM and NM-SB were used for
isolating his-hCA II from cell lysate using the above
method. To confirm the binding specificity of the nano-
particles for the separation and purification of His-tagged
proteins, 300-μL supernatant of E. coli cell lysate contain-
ing his-hCA II was incubated with different concentrations
of NM-SB-Ni (0.3, 0.6, 0.9, 1.2, 1.5 mg mL−1), and en-
richment and separation were conducted using the same
method as above.

Detection of binding capacity of NM-SB-Ni

In this work, purified his-hCA II proteins were employed as a
protein model for investigation of the adsorption capacity of
NM, NM-SB, and NM-SB-Ni. Briefly, nanoparticles (50 μg)
were mixed with purified his-hCA II proteins in lysis buffer
(50 mM Tris, 150 mMNaCl, 5% glycerol pH 8.0) at different
concentrations in a centrifuge tube and rotated for 1 h at 4 °C.
Afterwards, the supernatants were collected separately by an
external magnet and the content of protein was detected by the
Bradford method with bovine serum albumin as a standard.
The adsorption amount (Qe, mg g−1) of nanoparticles was
calculated based on the following formula:

Qe ¼
C0−Csð Þ
m

V ð1Þ

where C0 (mg mL−1) is the initial protein concentration, Cs

(mg mL−1) is the protein concentration in supernatant at ad-
sorption equilibrium,V (mL) is the volume of protein solution,
and m (g) is the mass of nanoparticles.

6815A novel nickel-modified nano-magnetite for isolation of histidine-tagged proteins expressed in...



The adsorption isotherms were fitted by the Langmuir
model:

Qe ¼
QmCs

Kd þ Cs
ð2Þ

where Qm (mg g−1) is the saturated adsorption amount and Kd

is the decomposition rate [19].

Reusability of NM-SB-Ni

Briefly, 200 μL of NM-SB-Ni nanoparticles was separated
from the solution using DynaMag™ Spin Magnet (Life
Technology), and then 300 μL of diluted his-hCA II cell ly-
sates was added and incubated for 1 h at 4 °C. Then, magnetic
separation was conducted and the captured his-hCA II pro-
teins were washed with washing buffer (50 mMTris, 150 mM
NaCl, 50 mM imidazole at pH 7.5) and eluted with 300 μL
elution buffer (50 mM Tris, 150 mM NaCl, 250 mM imidaz-
ole at pH 7.5). After washed several times, the recovered
nanoparticles were reused for protein separation experiment.
The total experimental process was repeated for 6 times, and
the eluate containing his-hCA II proteins in each time was
collected and used for SDS-PAGE analyses.

Results and discussion

Preparation of nano-magnetite and coating
by sodium bitartrate

The procedure for the preparation of NM-SB-Ni nanoparticles
was schematically illustrated in Scheme 1. The synthesized
nano-magnetites were proved by measurement of X-ray pow-
der diffraction, which is revealed in the inset of Fig. 1(a). The
diffraction peaks at 18.43, 30.08, 35.49, 37.05, 43.07, 53.58,
57.01, 62.65, and 74.32° correspond to crystal planes of (111),
(220), (311), (222), (400), (422), (511), (440), and (622), re-
spectively, which matches well with the standard JCPDS no
19-0629 (inset of Fig. 1(a)) and is consistent with reported
literatures [3, 16, 20]. The fact demonstrates that nano-
magnetite is apt to be synthesized under very mild conditions
rather than violent disposing [1, 10, 21].

The image of transmission electron microscopy exhibited
the morphology of the as-prepared nano-magnetite, which is
shown in Fig. 1(a). The bare nano-magnetite was apt to accu-
mulate because of the large specific areas and precipitate in
aqueous medium. The particle sizes were less than 25 nm and
size distribution was unhomogeneous, which is exhibited in
Fig. 1(b). According to our experiments, sodium bitartrate can
be a well candidate for stabling nano-magnetite in an aqueous
medium depending on the hydroxyl, carboxyl, and carboxyl-
ate groups. Figure 1(c) reveals that the surface of the

nanoparticles was coated by something like membranes
marked by several dashed circles. The interactions between
polar functional groups of sodium bitartrate and nano-
magnetites help enhance dispersing stability that favors for
successive coordination with Ni2+. Thermogravimetric curves
of Fig. 1(d) proved that the velocity of weight loss of NM-SB
was greater than that of the bare nano-magnetites, which was
due to the decomposition of surface coating of nano-magne-
tites. This declares that the nano-magnetites are coated by
sodium bitartrate. Additionally, weight loss of the nano-
magnetites reaches 4% approximately when the temperature
arrives at 800 °C. It suggests there are some polar functional
groups on the surface of the nano-magnetites such as hy-
droxyls [8], which attached with the nano-magnetites cova-
lently. This is favorable for the attachment with sodium
bitartrate.

Nano-magnetites coated by sodium bitartrate were also
proved by X-ray photoelectron energy spectra of NM-SB-
Ni, which are indicated in Fig. 2. In Fig. 2(a), peak 284.8 eV
forecasts the surface C-C species. Band 286.2 eV should be
assigned to C–O ingredient. Binding energy of 288.7 eV is
due to the surface carboxyl group of O=C–O– [22]. Such
evidences confirm that sodium bitartrate is docked on the sur-
face of nano-magnetite successfully. Sodium bitartrate plays
the roles of not only coating nano-magnetites but also affinity
for Ni2+ which proved by Fig. 2(b) of Ni 2p signals. Binding
energies of 855.5 and 861.2 eV are assigned to Ni 2p3/2 and
Ni 2p1/2 respectively [3]. The atomic percentages of elemen-
tal Ni, C, O, and Fe on the NM-SB-Ni surface are 1.97, 32.37,
46.41, and 19.25%, respectively. The lower ingredient of Fe
forecasts the surface of nano-magnetites is covered by sodium
bitartrate.

Application of NM-SB-Ni in isolating His-tagged
proteins from real samples

In this work, we first employed crude cell lysate from E. coli
containing recombinant expressed his-hCA II proteins to eval-
uate the applicability of NM-SB-Ni nanoparticles as an adsor-
bent for highly selective isolation of His-tagged proteins from
real samples. Whole procedures of enrichment and separation
are illustrated in Scheme 1.

Human CA II is a carbonic anhydrase that can catalyze
CO2 hydration into bicarbonate (HCO3

−). This protein was
successfully expressed at high levels with a His-tag at its C-
terminus in E. coli in our previous work for the application of
CO2 capture [18]. From the results of SDS-PAGE analysis
shown in Fig. 3(a), the band of expressed his-hCA II proteins
(about 31 kD, marked with a horizontal arrow) was clearly
observed along with other unrelated bacterial proteins in the
crude cell lysate (lane 1). This band has obviously disappeared
or weakened in the supernatant and become predominant in
eluate after adsorption by NM-SB-Ni (Fig. 3(a), lanes 2–3),
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indicating that NM-SB-Ni could efficiently capture and sepa-
rate his-hCA II proteins. In order to further verify the practical
application of this method, another recombinant protein with
his-tag (his-Pin1) was used. Human peptidyl-prolyl cis/trans

isomerase NIMA-interacting 1 (PIN1), which specifically
binds to phosphorylated ser/thr-pro motifs of a subset of phos-
phorylated proteins to regulate its conformation, has been
shown to play a critical role during oncogenesis [23]. His-

Scheme 1 Schematic representation of preparation of NM-SB-Ni nanoparticles and the procedure of enrichment and separation of His-tagged proteins
from crude E. coli lysate

Fig. 1 Images of transmission
electron microscopy (a) and size
distribution (b) of as-prepared
nano-magnetites. Images of
transmission electron microscopy
of NM-SB (c) and thermogravi-
metric curves of the nano-
magnetites and NM-SB (d). X-
ray powder diffraction pattern
shown in the inset of (a) demon-
strates the synthesized nano-
magnetites
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Pin1 prokaryotic expression vector had been constructed in
our lab for investigating the function of this protein in cancer.
By using E. coli cell lysate containing His-Pin1 proteins, we
found that NM-SB-Ni nanoparticles could also efficiently
capture and separate this protein (Fig. 3(b)). Besides, NM
and NM-SB could not isolate his-hCA II proteins from the
cell lysate, which is shown in Fig. 3(c), indicating the specific
binding of NM-SB-Ni to His-tagged proteins.

To further explore the detailed binding specificity of the
nanoparticles for His-tagged proteins, E. coli cell lysate con-
taining his-hCA II proteins was incubated with NM-SB-Ni
with different concentrations. As can be seen from Fig. 4(a),
his-hCA II proteins in eluate gradually increase with the
increase of nanoparticle concentration. More importantly,
his-hCA II proteins in supernatant fractions gradually de-
crease with incremental concentration of NM-SB-Ni, while
unrelated bacterial proteins in supernatant are not changed
obviously (Fig. 4(b)), indicating the high specificity of this
nanoparticle for the separation and purification of His-
tagged proteins.

These results prove that NM-SB-Ni nanoparticles reported
in this study are promising hosts for the efficient separation
and purification of His-tagged proteins from complex cell
lysate.

Detection of binding capacity of NM-SB-Ni

To explore the binding capacity of the nanoparticles for His-
tagged proteins, purified his-hCA II proteins were used as a
model protein. A certain amount of NM, NM-SB, and NM-
SB-Ni nanoparticles was incubated with solutions containing
purified his-hCA II proteins with different concentrations and
the content of proteins bound on nanoparticles was tested. As
shown in Fig. 5, adsorption capacities of NM-SB-Ni for His-
tagged proteins increased with the increase of the initial pro-
tein concentration, and the saturated adsorption of his-hCA II
proteins was gradually achieved with further increase of the
concentrations, while the adsorption capacity of NM and NM-
SB particles dramatically lowers than that of NM-SB-Ni, fur-
ther proving the specific binding of NM-SB-Ni to His-tagged

Fig. 2 X-ray photoelectron
energy spectra of NM-SB-Ni with
high-resolution on C (a) and Ni
(b)

Fig. 3 (a) SDS-PAGE analysis of purification of overexpressed his-hCA
II proteins from E. coli lysate using NM-SB-Ni nanoparticles. Lane M,
molecular marker; lane 1, cell lysate containing his-hCA II proteins; lane
2, supernatant of cell lysate after adsorption; and lane 3, eluate from NM-
SB-Ni after adsorption. (b) SDS-PAGE analysis of purification of
overexpressed his-Pin1 proteins from E. coli lysate using NM-SB-Ni
nanoparticles. Lane M, molecular marker; lane 1, cell lysate containing
his-Pin1 proteins; lane 2, supernatant of cell lysate after adsorption with

NM-SB-Ni nanoparticles; and lane 3, eluate from NM-SB-Ni after ad-
sorption. (c) SDS-PAGE analysis of adsorption by NM and NM-SB
nanoparticles from E. coli lysate containing his-hCA II proteins. Lane
M, molecular marker; lane 1, cell lysate; lane 2, supernatant of cell lysate
after adsorption by NM; lane 3, eluate from NM nanoparticles after ad-
sorption; lane 4, supernatant of cell lysate after adsorption by NM-SB;
and lane 5, eluate from NM-SB nanoparticles after adsorption
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proteins. The Langmuir model was applied to analyze the
adsorption data of his-hCA II proteins, and the saturated ad-
sorption amount (Qm) of NM-SB-Ni for his-hCA II proteins
was found to be 556 mg g−1, which was much higher than
those of commercial microbeads (< 20 mg g−1) [14]. Table 1
lists the binding capacity of other Ni-chelating adsorbents for
purification of His-tagged proteins in reported references. It is
clear that NM-SB-Ni nanoparticles provide a higher adsorp-
tion for His-tagged proteins with respect to other Ni-chelating
materials. However, it should be noted that this comparison

could not be very exact because the nature of recombinant
proteins may also influence the adsorption parameter.

Recyclability of the magnetic nanoparticles
for His-tagged protein separation

The recyclability is one of the most important properties for
the application of adsorbents. Herein, the recyclability of
NM-SB-Ni was investigated by performing the adsorption
(isolation)-elution process using E. coli cell lysate contain-
ing recombinant expressed his-hCA II proteins. The
recycling experiments were carried out for six successive
cycles under the same experimental conditions. As shown
in Fig. 6, the separation capability of NM-SB-Ni is more
than 90% after six cycles of reuse, indicating the excellent
stability and recyclability of this nanoparticle as an
adsorbent.

Conclusions

In this study, we developed a facile and economical method
for the preparation of NM-SB-Ni magnetic nanoparticles.
NM-SB-Ni could specifically bind and separate His-tagged
proteins from E. coli cell lysate with high efficiency, and its
saturated adsorption amount for purified His-tagged proteins
was estimated to be 556 mg g−1. Moreover, NM-SB-Ni

Fig. 4 E. coli cell lysate
containing his-hCA II proteins
was incubated with NM-SB-Ni
with different concentrations.
Lane M, molecular marker; lane
1, cell lysate containing his-hCA
II proteins; lanes 2–6(a), his-hCA
II proteins washed off from NM-
SB-Ni nanoparticles with differ-
ent concentrations; and lanes 2–
6(b), supernatant of cell lysate af-
ter adsorption

Table 1 Binding capacity of
some Ni-chelating adsorbents for
purification of His-tagged recom-
binant proteins reported in the
literatures

Materials Binding capacity (mg g−1) Reference

CMPEI2-Ni
2+@SiO2@Fe3O4 206 [24]

Fe3O4@Ni2+-NTA-PS 163.52 [7]

MnFe2O4@SiO2@Ni-Salen 180 [25]

Fe3O4@Histidine-Ni

Fe3O4@SiO2@ poly(GMA-DEA)@poly(GMA-IDA)@Ni2+
700

250

[17]

[26]

Fe3O4/Cys-Ni
2+

MnFe2O4@SiO2@NH2@2AB-Ni

53.2

220

[27]

[28]

NM-SB-Ni 556 This work

Fig. 5 Adsorption capacity of NM, NM-SB, and NM-SB-Ni
nanoparticles
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nanoparticles have a good recyclability and stability for
extracting of His-tagged recombinant proteins from cell lysate
over several separation cycles. In general, a novel magnetic
nanomaterial basing on the coordination interaction between
Ni2+ and the carboxylates coated on the surface of Fe3O4

nanoparticles was developed in this work, for fast and efficient
His-tagged protein purification, which can be used to improve
the separation of His-tagged protein from complex mixture.
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