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ABSTRACT: Integration of the advantages of immobilized metal-ion affinity
chromatography (IMAC) and magnetic microspheres is considered as an ideal
pathway for quick and convenient separation of his-tagged proteins, but rare
reports concern the natural histidine-rich proteins. In this article, a novel route
was presented to fabricate magnetic microspheres composed of a high-
magnetic-response magnetic supraparticle (Fe;O,) core and a Ni**-immobilized
cross-linked polyvinyl imidazole (PVIM) shell via reflux-precipitation polymer-
ization. The unique as-prepared Fe;O,/PVIM-Ni** microspheres possessed
uniform flower-like structure, high magnetic responsiveness, abundant binding
sites, and very easy synthesis process. Taking advantage of the pure PVIM-Ni**
interface and high Nt loading amount, the microspheres exhibited remarkable
selectivity, excellent sensitivity, large enrichment capacity, and high recyclability
in immobilization and separation of his-tagged recombinant proteins. More
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interestingly, it was found that the Fe;0,/PVIM-Ni** microspheres also showed excellent performance for removal of the natural
histidine-rich bovine serum albumin (BSA) from the complex real sample of fetal bovine serum due to the exposed histidine
residues. Considering their multiple merits, this new type of Fe;O,/PVIM-Ni** nanomaterial displays great potential in enriching
low-abundant his-tagged proteins or removing high-abundant histidine-rich natural proteins for proteomic analysis.
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1. INTRODUCTION

Over the past decade, magnetic composite microspheres have
gained immense scientific and technological interest owning to
their unique magnetic responsiveness and a wide range of
applications in biomedical area such as protein puriﬁcation,l_3
targeted drug delivery,*™® cell separation,”™® and medical
diagnosis."’""* The magnetic susceptibility of these micro-
spheres allows them to be easily manipulated by applying an
external magnetic field. As a major part of the magnetic
composite microspheres, core/shell magnetic polymeric micro-
spheres with tailored functional polymer shell have attracted
much attention due to their high density of surface functional
groups and easy modification nature. To date, the emulsion
polymerization'*™"> and distillation precipitation polymer-
ization'®"” are among the most common methods used at
present for encapsulation of polymer shell and formation of the
core/shell structure. However, the former is time-consuming,
and the latter has a low reaction yield. Very recently, as a great
advance, reflux-precipitation polymerization'® has been devel-
oped for improving the reaction yield and shows more
advantages in preparation of core/shell microspheres with
polymer shell. The continuous polymer shell provides abundant
functional groups, which are essential to their applications, such
as protein separation.

In protein engineering, his-tagged recombinant proteins are
widely employed and the purification of them is of great
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importance.'” Besides, the low-abundant biomarkers are always
submerged by the high-abundant histidine-rich proteins in
biomedical analysis; thus, the removal of histidine-rich proteins
such as BSA or BHb prior to analysis plays a crucial role in the
discovery of biomarkers. Among the various separation
strategies, immobilized metal affinity chromatography
(IMAC)® is a versatile method for the selective and reliable
separation of his-tagged proteins, which relies on the
interaction between an immobilized metal jon and electron
donor groups such as histidine located on the surface of
proteins. To integrate the advantages of magnetic nanoparticles
and IMAC should be a powerful technique for his-tagged
protein separation, and much attentions have been paid to this
area in the past few years.”'~*® Nitrilotriacetic acid (NTA)*
and iminodiacetic acid (IDA)® are the most common affinity
ligands used for immobilizing Ni** and then applied to isolate
his-tagged protein. For example, Xu and co-workers reported
nickel-nitrilotriacetic acid (Ni-NTA)-terminated MNPs for
selective binding to his-tagged proteins.*"*> However, the
ligand NTA is expensive and inconvenient to obtain. Zhang et
al. synthesized Fe;O, particles immobilized with iminodiacetic
acid (IDA) charged by Cu®" or Ni*" ions as IMAC adsorbents
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for selective capture of histidine-rich bovine hemoglobin
(BHb).>*** While the synthetic steps were complicated and
the IDA was post-grafted onto the microspheres with low
density of the functional groups. To date, no other ligands for
chelating Ni** were reported, and the currently existing ligands
NTA or IDA failed to form a continuous shell for high metal-
ion density. Therefore, the invention of a novel robust ligand
that can generate a continuous shell and high loading density of
metal-ion on the magnetic microspheres is of great significance.

Herein, in order to develop a new kind of magnetic
microspheres for immobilizing Ni**, poly(vinyl imidazole) was
firstly encapsulated as a polymer shell onto the magnetic core
by reflux-precipitation polymerization (Fe;O,/PVIM). After
abundant Ni** were immobilized on the surface, the composite
microspheres (Fe;0,/PVIM-Ni*") were employed to separate
not only his-tagged recombinant protein but also natural
histidine-rich protein such as BSA or BHb. The well-designed
magnetic microspheres possess the following attractive
advantages: (1) The poly(vinyl imidazole) shell could be
coated onto magnetic core with desirable morphology and
structure through reflux-precipitation polymerization with only
10 min, the polymerization process was robust and facile. (2)
The poly(vinyl imidazole) shell furnished highly pure interfaces
with imidazole metal complexes, which greatly improves the
enrichment specificity and sensitivity towards his-tagged or
histidine-rich proteins. (3) The rough poly(vinyl imidazole)
shell offered abundant binding sites for Ni*, leading to a large
enrichment capacity for targeting proteins (284 mg his-tagged
recombinant protein/g of beads and 240 mg histidine-rich
protein BSA/g of beads). (4) The reversible adsorption and
desorption are easy to implement, ensuring high recovery and
excellent recyclability (more than 7 times). (5) A high-
magnetic-response Fe;O, core allows easy separation by simply
using an external magnet (less than 20 s). The experimental
results also demonstrated the excellent performance of these
Fe;0,/PVIM-Ni** microspheres in separation of histidine-rich
natural proteins from real biological systems, showing great
potential in further practical applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Iron(Ill) chloride hexahydrate (FeCly-6H,0),
ammonium acetate (NH,Ac), ethylene glycol (EG), anhydrous
ethanol, trisodium citrate dihydrate, nickel chloride hexahydrate
(NiCl,-6H,0), aqueous ammonia solution (25%), and acetic acid
(HAc) were purchased from Shanghai Chemical Reagents Company
and used as received. y-Methacryloxypropyltrimethoxy-silane (MPS)
was bought from Jiangsu Chen Guang Silane Coupling Reagent Co.,
Ltd. N,N'-methylenebis(acrylamide) (MBA) was obtained from Fluka
and recrystallized from acetone. 2,2-azobis(isobutyronitrile) (AIBN)
was supplied by Sinopharm Chemical Reagents Company and
recrystallized from ethanol. 1-Vinylimidazole (VIM) was purchased
from Aladdin. Cytochrome ¢ (Cyt C, 95%), Myoglobin (MYO, 95%),
horseradish peroxidase (HRP, 98%), bovine hemoglobin (BHb, 95%),
and bovine serum albumin (BSA, 95%) were purchased from Sigma-
Aldrich. His-tagged protein Trx-His X 6-DDDDK (EK site)-Protein
S100A13 was provided by Novoprotein Scientific Incorporation.
Deionized water (18.4 MQ cm) used for all experiments was obtained
from a Milli-Q system (Millipore, Bedford, MA).

2.2. Synthesis of Fe30,/MPS. Fe;O, magnetic supraparticles
(MSPs) were prepared by a modified solvothermal reaction similar to
our previous work 353 Typically, 1.350 g of FeCl;-6H,0, 3.854 g of
NH,Ac, and 0.4 g of sodium citrate were dissolved in 70 mL ethylene
glycol. The mixture was stirred vigorously for 1 h at 170 °C to form a
homogeneous black solution and then transferred into a 100 mL
Teflon-lined stainless-steel autoclave. The autoclave was heated to 200
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°C and maintained for 16 h. Then, it was cooled to room temperature.
The black product was washed with ethanol several times, collected
with a magnet, and then re-dispersed in ethanol for subsequent use.

Modification of MSPs with y-methacryloxypropyltrimethoxy-silane
(MPS) to form abundant double bonds on the surface was achieved as
follows: 40 mL of ethanol, 10 mL of deionized water, 1.5 mL of NH;-
H,0, and 0.6 g of MPS were added into 0.3 g of Fe;O,; then, the
mixture was vigorously stirred for 24 h at 70 °C. The obtained product
was separated by a magnet and washed with ethanol to remove excess
MPS. The resultant Fe;0,/MPS microspheres were dried in a vacuum
oven at 40 °C until a constant weight was reached.

2.3. Preparation of Fe;0,/PVIM Core/Shell Composite
Microspheres by RPP Method. The core/shell Fe;O,/PVIM
microspheres were synthesized by a facile reflux-precipitation
polymerization (RPP) of VIM, with MBA as the cross-linker and
AIBN as the initiator, in acetonitrile. Specifically, 100 mg of Fe;O,/
MPS seed microspheres was dispersed in 80 mL acetonitrile in a dried
150 mL single-necked flask under ultrasonic condition for 2 min.
Then, a mixture of 400 mg of VIM, 100 mg of MBA, and 10 mg of
AIBN was added to the flask to initiate the polymerization. The
reaction mixture was heated from ambient temperature to the boiling
state within 20 min and maintained at 110 °C for 10 min. The
obtained Fe;O,/PVIM microspheres were collected by a magnet and
washed with ethanol and water several times in order to eliminate
excess reactants and a few generated polymer microspheres.

2.4. Fabrication of Fe;0,/PVIM-Ni** Microspheres. Fe,O,/
PVIM (50 mg) was added to 20 mL NiCl,-6H,0 solution (0.1 M) and
stirred for 0.5 h at room temperature. The product was separated by
magnet from the solution and washed for several times with water.
The resultant Fe;O,/PVIM-Ni** microspheres were dried in a vacuum
oven at 40 °C and stored for further use.

2.5. His-tagged Recombinant Protein or Natural Histidine-
rich Protein Binding and Separation. The obtained Fe;O,/PVIM-
Ni** magnetic microspheres were first washed with ethanol for three
times and then suspended in deionized water (10 mg/mL). A mixture
of 5 ug Cyt ¢, 5 pg his-tagged protein, and S pg HRP was dissolved in
100 puL deionized water; then, 1 mg Fe;0,/PVIM-Ni** was added and
incubated at room temperature for 20 min with shaking. After
magnetic separation, the supernatant was removed, and the protein-
bonded composite microspheres were washed twice with deionized
water to remove the non-specifically adsorbed proteins. Subsequently,
the trapped his-tagged or histidine-rich proteins were directly eluted
from the microspheres with S0 yL HAc. The enrichment of his-tagged
protein from the complex sample E. coli lysate (2 L) has the same
procedure as that for the model proteins. The protein solutions in each
step (including the stock, supernatant and elute solutions) were all
collected and lyophilized for SDS-PAGE analyses.

2.6. Removal of BSA from Fetal Bovine Serum. The
enrichment of BSA from real biological samples (fetal bovine
serum) has the similar procedure as that for the model proteins, just
exchanging the mixed proteins with the fetal bovine serum (1 uL).
The materials used are Fe;0,/PVIM-Ni** and Fe;0,/PMG-IDA-Ni**,
respectively. The protein solutions in each step (including the stock,
supernatant, and elute solutions) were all collected and lyophilized for
SDS-PAGE analyses, and the results of the two types of materials were
compared.

2.7. Testing the Sensitivity of Fe;0,/PVIM-Ni?* toward His-
tagged Protein and Histidine-rich Protein BSA. The obtained
Fe,0,/PVIM-Ni** magnetic microspheres were first washed with
ethanol for three times and then suspended in deionized water (10
mg/mL). His-tagged protein (4 pg) or histidine-rich protein BSA (4
ug) was dissolved in 1 mL, 2 mL, and 4 mL deionized water,
respectively; then, 1 mg Fe;0,/PVIM-Ni** was added and incubated
at room temperature for 20 min with shaking. After magnetic
separation, the supernatant was removed, and the protein-bonded
composite microspheres were washed twice with deionized water.
Subsequently, the trapped his-tagged protein or histidine-rich protein
BSA was directly eluted from the microspheres with 10 yL HAc. The
protein solutions (10 yL) in each step (including the stock and elute
solutions) were all collected and lyophilized for SDS-PAGE analyses.
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2.8. Investigating the Recyclability of Fe;0,/PVIM-Ni?*
towards His-tagged Protein and Histidine-rich Protein BSA.
The obtained Fe;O,/PVIM-Ni** magnetic microspheres were first
washed with ethanol three times and then suspended in deionized
water (10 mg/mL). His-tagged protein (S pg) or BSA (S ug) was
dissolved in 100 uL deionized water respectively; then, 1 mg Fe;O,/
PVIM-Ni** was added and incubated at room temperature for 20 min
with shaking. After washing for twice with deionized water, the trapped
his-tagged protein or histidine-rich protein BSA was directly eluted
from the microspheres with 50 yL HAc. Then, the microspheres were
chelated with NiCl,:6H,0 for another 5 min and used for the
separation experiment again. The total experimental process was
repeated for seven times, and the eluate in each step was collected and
Iyophilized for SDS-PAGE analyses.

2.9. Characterization. High-resolution transmission electron
microscopy (HR-TEM) images were taken on a JEM-2100F
transmission electron microscope at an accelerating voltage of 200
kV. Samples dispersed at an appropriate concentration were cast onto
a carbon-coated copper grid. Field-emission scanning electron
microscopy (FE-SEM) was performed on a Hitachi S-4800 scanning
electron microscope at an accelerating voltage of 20 kV. Sample
dispersed at an appropriate concentration was cast onto a glass sheet at
room temperature and sputter-coated with gold. Hydrodynamic
diameter (Dh) measurements were conducted by dynamic light
scattering (DLS) with a ZEN3600 (Malvern, UK) Nano ZS$
instrument using He—Ne laser at a wavelength of 632.8 nm. Fourier
transform infrared spectra (FT-IR) were recorded on a Magna-550
(Nicolet, U.S.A.) spectrometer. Spectra were scanned over the range
400—4000 cm™". All of the dried samples were mixed with KBr and
then compressed to form pellets. Powder X-ray diffraction (XRD)
patterns were obtained using a X'Pert Pro (Panalytical, Netherlands)
diffraction meter with Cu Ka radiation at A = 0.154 nm operating at 40
kV and 40 mA. Thermogravimetric analysis (TGA) measurements
were performed on a Pyris 1 TGA instrument. All measurements were
taken under a constant flow of nitrogen of 40 mL/min. The
temperature was first increased from room temperature to 100 °C and
held until constant weight, and then, it was increased from 100 to 800
°C at a rate of 20 °C/min. Magnetic characterization was carried out
on a VSM on a Model 6000 physical property measurement system
(Quantum, U.S.A.) at 300 K. X-ray photoelectron spectrum (XPS)
was conducted using an RBD upgraded PHI-S000C (PerkinElmer,
U.S.A.) ESCA system with Mg Ko radiation (hv = 1253.6 €V) at 250
W and 14.0 kV with a detection angle at 54°. Inductively coupled
plasma-atomic emission spectrometry (ICP-AES) measurement was
taken on a P-4010 instrument. The sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed
using 4-15% precast polyacrylamide gels and Mini-Protean Tetra cell
(Tanon, China). Protein concentration was obtained by measuring
absorbance at 284 nm using BioTek Power Wave XS2 microplate
reader.

3. RESULTS AND DISCUSSION

The procedure for the fabrication of composite microspheres
containing a superparamagnetic core and a functional polymer
shell with abundant Ni** was schematically illustrated in
Scheme 1. Firstly, Fe;O, (about 200 nm) cores were prepared
by a modified solvothermal reaction; secondly, silane coupling
agent MPS was employed to modify the MSPs with abundant
available double bonds, which promotes the polymer coating in
the next step; thirdly, a flower-like layer of PVIM was coated
onto the Fe;O,/MPS surface by reflux-precipitation polymer-
ization (RPP) of VIM (monomer) and MBA (cross-linker) to
form Fe;0,/PVIM core/shell microspheres; finally, NiCl,:
6H,0 solution was added to immobilize Ni** on the surface of
the microspheres, which provides abundant binding sites for
histidine-rich proteins. The vinyl imidazole as a novel
functional monomer was polymerized and coated on the
magnetic core with such a short time for the first time.
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Scheme 1. Schematic Illustration of the Fabrication
Procedures of Fe;0,/PVIM-Ni** Microspheres and Their
Application in Selective Enrichment or Removal of
Histidine-rich Protein
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Moreover, the poly(vinyl imidazole) was firstly used as a shell
for binding of Ni**, other than traditionally employed NTA or
IDA ligand, providing a new method for separating histidine-
rich proteins.

3.1. Preparation of Magnetic Core/Shell Fe;0,/PVIM
Microspheres by RPP Method. Fe;0,/MPS was prepared
similar to our previous report.z'6 Then, cross-linked PVIM shell
was coated on Fe;O0,/MPS by reflux-precipitation polymer-
ization, which is a novel and convenient polymerization
process.'® As PVIM species are not soluble in acetonitrile,
the generated PVIM oligomers will continuously precipitate
from the solution to the surface of Fe;0,/MPS, and gradually
forming a functional polymer shell. Since the monomer VIM
has a very high reactivity, the polymerizing and encapsulating
process finished in only 10 min and the uniform flower-like
microspheres were obtained. Compared with the traditional
emulsion polymerization, it saves a lot of time and offers a
brand-new effective method for the encapsulation of PVIM.

Transmission electron microscope (TEM) images of Fe;O,
and Fe;0,/PVIM core/shell microspheres are shown in Figure
1. The magnetic cores of Fe;O, had an average diameter of
about 200 nm and were uniform both in shape and in size. After
coated with PVIM, they showed obvious flower-like core/shell
structure. When the crosslinking degree is as low as 10%, the
shell only has poor structural integrity (Figure 1b) due to the
low precipitation ability of PVIM. When the crosslinking degree
is higher than 20%, the polymeric shell became integrated and
the flower-like surface remained. The scanning electron
microscope (SEM) image (Supporting Information Figure
Sla) indicated that the magnetic clusters were composed of
many small nanocrystals, which were in consistence with the
previous literature.>® After being coated with a PVIM shell, the
composite microspheres had a rougher flower-like polymer
shell (Supporting Information Figure S1b). X-ray diffraction
(XRD) measurement (Figure 3a) was employed to determine
the property of MSPs. All the diffraction peaks in the XRD
patterns were indexed and assigned to the typical cubic
structure of Fe;O, (JCPDS 75-1609, Supporting Information
Figure S2). Meanwhile, the crystallinity of Fe;O, remained very
well (Figure 3a(ii)). The hydrodynamic diameter and size
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Figure 1. TEM images of (a) Fe;0,/MPS, (b) Fe;0,/PVIM-1, (c) Fe;0,/PVIM-2, (d) Fe;O,/ PVIM-3, (e) Fe;0,/PVIM-4, and (f) Fe;O,/PVIM-

S. The scale bars are all 200 nm.
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Figure 2. (a) DLS curves and (b) FT-IR spectra of (i) Fe;0,/MPS, (ii) Fe;0,/PVIM-1, (iii) Fe;O0,/PVIM-2, (iv) Fe;0,/PVIM-3, (v) Fe;0,/

PVIM-4, and (vi) Fe;0,/PVIM-S.

distribution were determined by dynamic light scattering
(DLS). The hydrodynamic diameter (D,) of Fe;O, was
about 300 nm (Figure 2a), which was close to the size
measured by TEM. After encapsulation, the Dy, of Fe;0,/PVIM
increased to 513 nm, which was much larger than the size from
TEM due to the good hydrophilicity. The dispersion of Fe;O0,/
PVIM was demonstrated to have an excellent stability, which
facilitated its further chelation of Ni*' in water. The size and
polydispersity indexes (PDI) of Fe;O, and different shell
crosslinking degree of Fe;O,/PVIM are summarized in Table 1,
indicating that all the particles are nearly uniform.
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The functional group density on the surface can be tuned by
changing the feeding ratio of VIM and MBA. We kept the total
weight constant (500 mg), and the ratio of VIM and MBA
varied from 9:1, 4:1, 3:2, 2:3, to 1:4. FT-IR spectra were
employed to monitor the changing trend of cross-linker
amount in the polymer shell. As shown in Figure 2b, the
peak at 584 cm™ appearing in all curves was attributed to the
typical stretching vibration modes of Fe—O in Fe;0,. The new
peaks at 3114, 1228, 918, and 660 cm™ in Figure 2b(ii—vi)
were attributed to the vibrations of imidazole ring of VIM, and
the peaks at 1655 cm™ and 1530 cm ™" reflected the vibrations

dx.doi.org/10.1021/am501626t | ACS Appl. Mater. Interfaces 2014, 6, 8836—8844
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Table 1. Recipes and Particle Size of Fe;0,/PVIM with
Different Crosslinking Degree

crosslinkin VIM/ MBA/ Dy/
sample code degree/% mg mg nm PDI
Fe;0,/PVIM-1 10 450 S0 411 0.049
Fe;0,/PVIM-2 20 400 100 SI13 0016
Fe;0,/PVIM-3 40 300 200 525 0.070
Fe;0,/PVIM-4 60 200 300 574 0.076
Fe;0,/PVIM-5 80 100 400 588 0.134

“Crosslinking degree here means the theoretical crosslinking degree,
which is defined as the weight ratio of cross-linker (MBA) to the
whole monomer (MBA+VIM).

of C=0 and N—H in MBA, which further proved the coating
of cross-linked PVIM layer. Besides, when the crosslinking
degree is higher than 20%, the intensity of the characteristic
peak of imidazole ring from PVIM weakened gradually as the
crosslinking degree increased.

3.2. Fabrication of Magnetic Fe;0,/PVIM-Ni** Micro-
spheres. Nickel ion has a strong binding ability with imidazole
groups, and it is rational that we can immobilize Ni** onto the
surface of Fe;O,/PVIM and apply it to purify histidine-rich
proteins. X-ray photoelectron spectroscopy (XPS) and energy
dispersive X-ray (EDX) spectrum were recorded to identify the
composition of the core/shell microspheres qualitatively
(Supporting Information Figure S3), which proved the
existence of Ni’*, The amount of Ni** on the surface of the
microspheres was further quantified by atomic absorption
spectrum (AAS) (Table 2). From Table 2, we can find that the

Table 2. Loading Amount of Ni** in Different Samples of
Fe,0,/PVIM-Ni**

sample code Ni** loading amount (mg/g)

Fe;0,/PVIM-1-Ni** 11
Fe;0,/PVIM-2-Ni** 55
Fe;0,/PVIM-3-Ni** 31
Fe;0,/PVIM-4-Ni** 10
Fe;0,/PVIM-5-Ni** 6

chelated amount of Ni** reaches the highest when the
crosslinking degree is 20%. This result can be explained as
following: when the crosslinking degree is lower than 20%, the
precipitation ability of the copolymer poly(VIM-co-MBA) is
poor and only a very thin shell is formed, which contains just a
low amount of imidazole groups, and the low amount of
imidazole groups leads to the low loading amount of Ni**.
While when the crosslinking degree is higher than 20%, a thick
shell of about 80 nm is formed and the abundant imidazole
groups are immobilized in the polymer shell. As the
crosslinking degree further increases, the number of the
imidazole group starts tail off due to the low feeding ratio of
VIM; this result also agrees well with that of FT-IR spectra.
Thus, the higher crosslinking degree will result in low density of
imidazole group and low Ni** loading amount in the polymer
shell, which is basically in accord with our expectation. Then,
we chose the microspheres with a crosslinking degree of 20%
for further characterization.

Thermogravimetric analysis (TGA) measurement was
carried out (Figure 3b). At first, the difference between curves
(i) and (ii) was attributed to the encapsulated cross-linked
PVIM shell; the amount of PVIM shell was calculated to be
approximate 65 wt %. Subsequently, Ni** was incorporated
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onto the microspheres via the chelation of Ni** with the
imidazole groups for further binding with the imidazole groups
of histidine-rich proteins (the complexation mechanism is
illustrated in Scheme 1). Due to the fact that Ni*" cannot be
burned out in an N, atmosphere, the total mass will maintain,
and it is reasonable that the weight loss will decrease a little
after complexed with Ni*', as shown in Figure 3b(iii). The
magnetic hysteresis curves (Figure 3c) measured by vibrating
sample magnetometer (VSM) demonstrated that all the
microspheres have no obvious remanence or coercivity at 300
K, indicating that they are all superparamagnetic. The
saturation magnetization (Ms) value of Fe;0,/MPS was 67.2
emu/g. Upon the encapsulation of PVIM layer and the
chelating of Ni**, the Ms value reduced to 21.4 and 19.5 emu/ g
respectively. These results supplementally verified the magnetic
content from TGA analysis. The magnetic responsiveness of
the final product Fe,O,/PVIM-Ni** is strong enough to
facilitate the quick separation of the composite microspheres
from solution (within 20 s) using a magnet (Figure 3d). We
chose the sample which chelated the largest amount of Ni**
(Fe;0,/PVIM-2-Ni**) for the subsequent enrichment of his-
tagged protein and the removal of abundant BSA in the fetal
bovine serum.

3.3. Application in Separation and Enrichment of His-
tagged Protein. We first tested the binding capability of
Fe;0,/ PVIM-2-Ni** for purification of his-tagged Trx-His X 6-
DDDDK (EK site)-Protein S100A13Cel48F, which has a
molecular weight of 25.6 kDa (229 amino acids), and the
amino acid sequence is presented in the Supporting
Information. Based on the enrichment process, as shown in
Scheme 2, we determined the binding capacity of Fe;O,/
PVIM-2-Ni** towards his-tagged protein to be around 284 mg/
g (protein/beads) measured by a microplate reader at the
wavelength of 284 nm. The protein concentration of the stock
solution was 50 yg/mL (1 mL deionized water containing S0
ug his-tagged protein), and 1 mg Fe;0,/PVIM-2-Ni** was
incubated with 500 uL stock solution. After incubation and
magnetic separation, 10 L elution solution (HAc) was applied
to elute his-tagged protein from the microspheres. Then, 10 uL
stock solution, 10 L supernatant, and 10 uL eluent were
collected and lyophilized for SDS-PAGE analyses. As shown in
Figure 4a, the his-tagged protein concentration in the eluent
was much higher than that in the stock solution by comparing
the difference of the band densities on the SDS-PAGE gel,
indicating that the his-tagged recombinant protein could be
effectively enriched and concentrated by the magnetic micro-
spheres from a stock solution under low concentration, which is
essential for the purification of low-expressed his-tagged
recombinant protein from crude E. coli lysate.

To further investigate the specific enrichment of his-tagged
protein in a mixture of proteins with low histidine residues, a
mixture of 5 ug HRP, 5 ug Cyt ¢ and S pg recombinant his-
tagged protein were dissolved in deionized water. The
enrichment results of Fe;0,/PVIM-2-Ni** toward his-tagged
protein are shown in Figure 4b. After enrichment with Fe;0,/
PVIM-2-Ni**, the recombinant his-tagged protein was
effectively enriched and eluted from the microspheres without
non-specific adsorption of other proteins. Moreover, in order to
test its selectivity in real complex samples, we used the
microspheres to enrich recombinant his-tagged protein from
crude E. coli lysate. As shown in Figure 4c, before enrichment,
his-tagged protein was submerged by other proteins in the E.
coli lysate, while after enrichment with Fe;O,/PVIM-2-Ni*,

dx.doi.org/10.1021/am501626t | ACS Appl. Mater. Interfaces 2014, 6, 8836—8844



ACS Applied Materials & Interfaces

Research Article

(311)

(a)

Intensity

60

80

60

40

20 1

0

-20

Magnetization (emu/g)

.40 -

-60 4

-80

-20000 -10600 0
4 H (Oe)

T
10000

20000

T T T T
400 500 600 700 800

Temperature (°C)

T T
200 300

(d)

by

Magnetic separation
(20s)

>

After shaking

)

Figure 3. (a) XRD patterns, (b) TGA, and (c) VSM curves of (i) Fe;0,/MPS, (i) Fe;0,/PVIM-2, and (iii) Fe;0,/PVIM-2-Ni**. (d) Magnetic
separation behavior of Fe;0,/PVIM-2-Ni** microspheres.

Scheme 2. Schematic Illustration of the Detailed Selective Enrichment Process for the Histidine-rich Protein Using Fe;0,/

PVIM-Ni** Microspheres
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Figure 4. SDS-PAGE analysis of (a) the enrichment of pure his-tagged protein, (b) the enrichment of his-tagged protein from model proteins, (c)
the enrichment of his-tagged protein from E. coli lysate. Lane M: the protein molecular weight marker. Lane 1: before enrichment. Lane 2: after
enrichment with Fe;0,/ PVIM-Ni?*. Lane 3: eluate with acidic solution.
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almost only his-tagged protein was fished out and released from
the microspheres (Figure 4c, Lane 3). To further demonstrate
the importance of Ni**, Fe;0,/PVIM-2 was used as a control
for the separation of his-tagged protein from E. coli lysate, and
no target protein was released from the microspheres
(Supporting Information Figure SS, Lane S). The results
show that Fe;O,/PVIM-2-Ni** has good binding specificity
toward his-tagged protein against other proteins even in the
complex sample E. coli lysate.

3.4. Application in Separation and Enrichment of
Natural Histidine-rich Protein BSA and BHb. Serum
albumin and hemoglobin, as high-abundant proteins, widely
existed in animal blood, and they always intervene in the
detection of low-abundant biomarkers; thus, the removal of
them is of great significance. BSA contains 17 histidine and
BHb contains 32 histidine in their amino acid sequence (see
the Supporting Information), and it is rational to remove BSA
and BHb from the blood utilizing the Fe;O,/PVIM-2-Ni**
microspheres. When mixed with the proteins of HRP and
MYO, the histidine-rich proteins of BSA and BHb could be
selectively fished out from the pool of mixed proteins (Figure
Sa), demonstrating the excellent separation effect of Fe;0,/

(b)
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Figure 5. SDS-PAGE analysis of (a) the enrichment of histidine-rich
protein BSA and BHb from model proteins. Lane M: the protein
molecular weight marker. Lane 1: before treatment. Lane 2: after
treatment with Fe;0,/PVIM-Ni*". Lane 3: eluate with acidic solution.
(b) The enrichment of histidine-rich protein BSA and his-tagged
protein. Lane M: is the protein molecular weight marker. Lane 1:
before treatment. Lane 2: after treatment with Fe,O,/PVIM-Ni*'.
Lane 3: eluate from Fe;0,/PVIM-Ni**. Lane 4: after treatment with
Fe;0,/PMG-IDA-Ni**. Lane 5: eluate from Fe;0,/PMG-IDA-Ni**.

PVIM-2-Ni** toward proteins with non-adjacent histidine as
well. By using a microplate reader at the wavelength of 284 nm,
we determined the binding capacity of Fe;O,/PVIM-Ni*
towards BSA to be around 240 mg/g (protein/beads).

In addition, it is necessary to compare the enrichment
capability of Fe;0,/PVIM-2-Ni*" with Fe;0,/PMG-IDA-Ni**
which was reported in our previous work.*® After enrichment
using Fe;O,/PVIM-Ni**, the his-tagged recombinant protein
and histidine-rich natural protein BSA were both separated
entirely from the stock solution (Figure Sb, Lane 3). While
after enrichment using Fe;O,/PMG-IDA-Ni**, all his-tagged
recombinant protein and only a small part of BSA were
separated and eluted from the microspheres (Figure Sb, Lane
5). Thus, a conclusion could be drawn that the two materials
exhibited almost the same enrichment effect toward his-tagged
protein, while the Fe,;O,/PVIM-Ni** displayed much better
performance in the isolation of BSA with non-adjacent
histidine. This may be ascribed to the fact that Fe;O,/PVIM-
Ni** owns a continuous shell of polyvinyl imidazole on the
core, and the adjacent imidazole groups have a synergistic effect
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with the non-adjacent histidine in BSA, which formed a
multivalent interaction to form a stable state. Thus, the BSA
was immobilized onto the microspheres tightly, while the
Fe;0,/PMG-IDA-Ni** failed to strongly interact with BSA due
to the lack of the above synergistic effect.

3.5. Application of Fe;0,/PVIM-2-Ni** for Removing
High Abundant BSA from Fetal Bovine Serum. Since the
proteomics research has gained a great deal of interest, the
interference of high-abundant protein such as BSA should be
eradicated prior to the MS analysis. Fetal bovine serum was
used as the real complex sample, Fe;O,/PVIM-2-Ni** and
Fe;0,/PMG-IDA-Ni** were utilized for the separation of BSA
in the serum. In Figure 6, almost all the high-abundant

kba M 1 2 ‘31_‘& 5
120

90 ol
‘e we
40 -

Figure 6. SDS-PAGE analysis of the removal of BSA from fetal bovine
serum. Lane M: the protein molecular weight marker. Lane 1: fetal
bovine serum before enrichment. Lane 2: fetal bovine serum after
enrichment with Fe;O,/PVIM-2-Ni*". Lane 3: eluate from Fe;O,/
PVIM-2-Ni**. Lane 4: fetal bovine serum after enrichment with
Fe;0,/PMG-IDA-Ni**. Lane 5: eluate from Fe;0,/PMG-IDA-Ni*".

histidine-rich BSA was removed and eluted from the micro-
spheres after isolation using Fe;0,/PVIM-2-Ni**. While after
separation using Fe;0,/PMG-IDA-Ni**, only a small part of
BSA was removed and released from the microspheres (Figure
6, Lane S). Therefore, the as-prepared Fe;0,/PVIM-2-Ni** has
a much better removal ability towards high-abundant protein
and exhibits better practicability in the real complex sample,
which eliminates the interference of high-abundant protein BSA
and facilitates the discovery of low-abundant biomarkers in the
early diagnose of cancer.

3.6. Sensitivity and Recyclability of the Magnetic
Composite Microspheres for Histidine-rich Protein
Separation. In many complex samples, histidine-rich proteins
existed with quite low abundance. Therefore, it is very
important for the high sensitivity of the enrichment material
towards histidine-rich protein. From Figure 7a, we can find that
the Fe3O4/PVIM-2-Ni2+ still effectively enrich the targeting
protein even at the concentration of his-tagged protein reduced
to about 40 fmoL/uL. As for the histidine-rich protein BSA, the
experimental result showed that the detection limit was very
low (Figure 7b). To the best of our knowledge, a detection
limit as low as 40 fmoL/uL has never been reported in the
previous literature, and this result hints that Fe;O,/PVIM-2-
Ni** has the excellent ability for the enrichment of low-
abundant histidine-rich proteins from complex real samples.

Besides, the recyclability and sustainability are also very
important for the sake of low cost and achieving large-scale
application. Herein, the recycling experiments were carried out
seven times. The recyclability was evaluated by comparing the
density of histidine-rich protein eluted each time with that in
the first cycle on the SDS-PAGE gel. After seven cycles, the
separation capability remained very well (Figure 8), which
showed the excellent recyclability of the composite micro-
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Figure 7. SDS-PAGE analysis of the enrichment of (a) his-tagged
protein and (b) histidine-rich protein BSA from low concentration.
Lane M: the protein molecular weight marker. Lane 1: the stock
solution. (a) Lane 2, 4, 6: the stock solution diluted to 160, 80, and 40
fmoL/uL, respectively. Lane 3, S, 7: the eluate from Fe;O,/PVIM-2-
Ni** in the protein concentration of 160, 80, and 40 fmoL/uL,
respectively. (b) Lane 2, 4, 6: the stock solution diluted to 60, 30, and
15 fmoL/uL, respectively. Lane 3, 5, 7: the eluate from Fe;O,/PVIM-
2-Ni** in the protein concentration of 60, 30, and 15 fmoL/uL,
respectively.
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Figure 8. Recycling experiments in the separation of (a) his-tagged
protein and (b) histidine-rich protein BSA. Lane M: the protein
molecular weight marker. Lane 1: stock solution. Lanes 2—8: the
protein released from the Fe;O,/PVIM-2-Ni** reused up to seven
times.

spheres in the separation of his-tagged protein and BSA. It is
worth mentioning that it will destroy the interaction between
imidazole groups and Ni** using acidic elution solution, so the
histidine-rich protein was eluted and the chelated Ni** was
removed from the microspheres simultaneously. Therefore,
after each elution experiment, it would take another 5 min to
chelate Ni** and then used for the next recycling experiment.
Exactly, it was Fe;O,/PVIM-2 that could be reused and
recycled, while Ni** had to be chelated again in each cycle.

All of the above results displayed that the enrichment process
of Fe;0,/PVIM-2-Ni** could be accomplished with high
selectivity, excellent sensitivity, remarkable recovery, and
recyclability. The isolation effect toward histidine-rich BSA is
much better than the reported IDA as the affinity ligand.
Considering the easy synthetic route and excellent enrichment
ability toward histidine-rich proteins, the as-prepared composite
microsphere is also an ideal candidate for the one-step
immobilization of histidine-rich enzyme and employed for
catalysis.

4. CONCLUSION

In summary, we have successfully presented a novel facile,
rapid, and repeatable route for preparation of magnetic Fe;0,/
PVIM-Ni** composite microspheres with well-defined core/
shell structure, high magnetic responsiveness and pure PVIM-
Ni** interfaces. To the best of our knowledge, this is the first
time to utilize imidazole groups for immobilizing Ni**. Due to
the strong affinity of Ni** to histidine residues, the as-prepared
composite microspheres exhibit remarkable performance in
enriching and separating his-tagged recombinant proteins or
natural histidine-rich proteins. Furthermore, the excellent
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selectivity for removing of high abundant BSA from fetal
bovine serum demonstrates that this kind of composite
microspheres could be used in complex real samples. This
material shows great potential in the biomedical applications as
to facilitate the exploration of low-abundant biomarkers of
disease. It also possesses a broad application prospect in the
immobilization of enzymes as recyclable and active nano-
biocatalysts.
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