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ABSTRACT: While much effort has been made to prepare magnetic
microspheres (MMs) with surface moieties that bind to affinity tags or
fusion partners of interest in the recombinant proteins, it remains a
challenge to develop a generic platform that is capable of incorporating a
variety of capture ligands by a simple chemistry. Herein, we developed
core−shell structured magnetic microspheres with a high magnetic
susceptibility and a low nonspecific protein adsorption. Surface
functionalization of these MMs with azide groups facilitates covalent
attachment of alkynylated ligands on their surfaces by “click” chemistry
and creates a versatile platform for selective purification and
immobilization of recombinant proteins carrying corresponding affinity
tags. The general applicability of the approach was demonstrated in
incorporating four widely used affinity ligands with different reactive
groups (−CHO, −SH, −COOH, and −NH2) onto the MMs platform for
purification and immobilization of targeted proteins. The azide-functionalized MMs would be applicable for a variety of ligands
and substrates that are amenable to alkynylation modification.
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1. INTRODUCTION

Proteins have an array of functions in living organisms, such as
chemical catalysis, DNA replications, stimuli responses, and
molecular transport.1 Analyzing protein composition, struc-
tures, and activities in the intracellular environment requires the
development of new high-throughput separation and identi-
fication methods. However, proteins of interest are often mixed
with numerous other biological components in the cells that
complicate the identification and analysis of target proteins.2

Development of new tools in fast protein purification and
immobilization are relevant for both basic research and
industrial applications.
Recombinant proteins, carried by a recombinant DNA,

usually include two parts, affinity tag and target protein.3

Affinity tags and other types of genetically engineered fusion
partners such as His-tag,4 GST-tag,5 SNAP tag,6 Halo tag,7 and
Clip tag,8 are routinely employed in the production of
recombinant proteins, to facilitate easy detection and
purification of proteins, or to improve the solubility and
stability of proteins.9 Magnetic microspheres (MMs) have
received increasing attention in many fields owing to the
excellent magnetic response and easy operation.10 They allow
intricate manipulation to be carried in biological systems, which
can be easily implemented by an external magnetic field and is
especially applicable for proteomics research.11 Recently, many

attemps have been made to develop MMs with surface moieties
that selectively bind to the affinity tags or fusion partners in
recombinant proteins, as this provides a simple route for
enrichment and manipulation of the proteins under a magnetic
field, either in vitro or in vivo.12−15 For example, Bruening and
co-workers synthesized a class of poly(2-hydroxyethyl meth-
acrylate)-grafted MMs that can be subsequently functionalized
with nitrilotriacetate-Ni2+ for capturing His-tagged proteins
from cell extracts.16 Xu developed glutathione-decorated MMs
for directly sorting GST-tagged proteins inside live cells.17

Zhang utilized Avicel-containing MMs to co-immobilize
different types of recombinant phosphorylases that contain a
cellulose binding domain (CBD) and utilize the synergistic
reactions of the enzyme complexes to convert cellulose to
starch.18 While it is envisioned that more MMs will be
developed to target individual affinity tags or fusion partners of
interest in the recombinant proteins, a generic platform that is
capable of incorporating a variety of capture ligands by a simple
chemistry is highly desired.
Herein, we report a generic MMs-based platform for

enrichment and immobilization of different types of tagged
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proteins (Scheme 1). Core−shell−shell MMs with high
magnetic susceptibility and low nonspecific binding of proteins
were synthesized and surface-functionalized with azide groups.
“Click” chemistry was utilized to conjugate specific affinity
ligands onto the surface of MMs for immobilization of tagged
proteins.19,20 Four widely used affinity ligands, including
maltodextrin (MD) that binds to maltose-binding protein,21

glutathione (GSH) that binds to GST-tagged protein,22 biotin
that binds to streptavidin (SA),23 and O6-(4-aminomethyl-
benzyl) guanine (BG) that binds to SNAP-tagged protein,24

were successfully employed to the MMs platform for
immobilization of the corresponding proteins from cell lysates.
As shown in Scheme 1, the precursors of the four affinity
ligands present widely different reactive groups (−CHO, −SH,
−COOH, and −NH2). The fact that all these ligand precursors
can undergo the alkynylation reaction and then “click” to the
surface of MMs demonstrates the general applicability of the
approach. The MMs, which can be functionalized to target a
variety of different recombinant proteins, may find applications
in protein purification, cell biology, biotechnology, and the
high-throughput sensing or screening devices.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. Aqueous ammonia solution

(25%), ferric chloride (FeCl3), methyl methacrylate (MMA),
methylacrylic acid (MAA), tetraethyl orthosilicate (TEOS), 3-
(trimethoxysilyl) propyl methacrylate (MPS), sodium acetate
(NaOAc), sodium dodecyl sulfate (SDS), ethylene glycol, trisodium
citrate dehydrate (C8H5Na3O7·2H2O), sodium azide (NaN3), sodium
borohydride (NaBH4), maltose, potassium persulfate (KPS), p-
to luenesul fonyl chlor ide (TsCl) , t r ie thylamine , N -(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDC·
HCl), poly(ethylene glycol) (Mw = 600, PEG600), triphenylphosphine
(Ph3P), anhydrous ethanol, dichloromethane (DCM), and ethyl
acetate (EtOAc) were purchased from Sinopharm Chemical Reagent
Co. Ltd. DL-dithiothreitol (DTT), ethylene glycol dimethacrylate
(EGDMA), tris(hydroxymethyl)aminomethane hydrochloride (Tris-
HCl), glutathione (GSH), and other biological reagents were obtained
from Sigma-Aldrich. Maltodextrin (MD, DE = 8−10) were obtained
from Shandong Xiwang pharmaceutical Co, Ltd. The other chemicals
were of analytical grade.

2.2. Preparation of Fe3O4 Particles and Fe3O4@SiO2 Micro-
spheres. The Fe3O4 particles were prepared by solvothermal
reaction,25 and the detailed experimental processes were provided in
our previous work.26

Scheme 1. (a) Functionalization of MMs with “Clickable” Ligands to Capture Corresponding Tagged Proteins, and (b) the
Alkynylation of Different Ligands
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2.3. Preparation of Fe3O4@SiO2 Microspheres. The Fe3O4@
SiO2 microspheres were prepared by the sol−gel approach, and the
detailed experimental processes were also provided in our previous
work.26

2.4. Preparation of Fe3O4@SiO2-MPS Microspheres. The
surfaces of Fe3O4@SiO2 microspheres were modified with MPS.
Briefly, 100 mL of deionized water, 400 mL of ethanol, 10 mL of
aqueous ammonia, and 2.5 mL of MPS were mixed with 250 mg of
Fe3O4@SiO2 microspheres. Then, the mixture was stirred vigorously
for 24 h at 40 °C. The Fe3O4@SiO2-MPS microspheres were washed
with ethanol by magnetic separation and dispersed in 40 mL of
ethanol.
2.5. Preparation of Fe3O4@SiO2@P(MMA-co-MAA) Micro-

spheres. The Fe3O4@SiO2@P(MMA-co-MAA) magnetic micro-
spheres were prepared by a seed emulsion polymerization.27 Briefly,
30 mL of deionized water and 6.0 mg of SDS were mixed with 5 mL of
dispersion of Fe3O4@SiO2-MPS (5 mg mL−1). After stirring for 30
min, 95 mg of MMA, 5 mg of MAA, 20 μL of EGDMA, and 4 mg of
KPS were added to the mixture. Then the polymerization was
performed at 75 °C for another 5 h. The obtained Fe3O4@SiO2@
P(MMA-co-MAA) microspheres were washed repeatedly with ethanol
through magnetic separation.
2.6. Preparation of PEG Spacer NH2−PEG600−N3. PEG600 (30.0

g, 50 mmol) and TsCl (11.95 g, 104 mmol) were dissolved in 100 mL
of THF, and the solution was cooled to 0 °C under N2. Triethylamine
(16.2 mL, 120 mmol) was added dropwise to the reaction, and the
mixture was then warmed to room temperature and stirred for 12 h.
After that, 125 mL of 5% NaHCO3 was added, followed by NaN3
(8.33 g, 128 mmol). To distill the THF, the content was refluxed for 7
h. After it cooled, the mixture was extracted with EtOAc, and the
combined organic layers were dried over Na2SO4. The crude product
was purified by silica column chromatography to give N3−PEG600−N3
(22.75 g, 70% yield).
N3−PEG600−N3 (12.0 g, 20 mmol) was dissolved in the mixture of

150 mL of EtOAc and 60 mL of 1 M HCl. Ph3P (5.2 g, 20 mmol) was
added. The mixture was stirred for another 12 h. The pH value was
adjusted to 14 by 1 M NaOH, and then the mixture was extracted with
DCM. The combined organic layers were dried by Na2SO4. The crude
product was purified by silica gel column chromatography to give
NH2−PEG600−N3 (9.0 g, 75% yield).28

2.7. Preparation of Fe3O4@SiO2@P(MMA-co-MAA)-PEG-N3
(N3-MMs). Fe3O4@SiO2@P(MMA-co-MAA) (50 mg) was dispersed
into the mixure of 10 mL of DMF and 10 mL of pH 7.4 phosphate
buffer solution (PBS), then EDC·HCl (10 mg) and NHS (10 mg)
were added. The reaction was stirred for 30 min under N2. Then
NH2−PEG600−N3 (20 mg) was added, and the mixture was stirred for
another 24 h at room temperature. The final products (azide-modified
MMs) were collected by magnetic separation and redispersed in 10
mL of ethanol.
2.8. Preparation of Alkynylated Maltodextrin. Maltodextrin

(MD, 1.0 g) and 3-amino-1-propyne (0.5 g) were added into 50 mL of
ethanol. The mixture was continuously stirred at 70 °C for 6 h. Then,
the mixture was stirred at room temperature, and NaBH4 (0.3 g) was
added and reacted for another 12 h. The solvent was removed in
vacuum, and the crude products were collected for the next step use
without further purification.
2.9. Preparation of Alkynylated Glutathione. Glutathione

(GSH, 307 mg) was added into 10 mL of 0.4 M Ba(OH)2 solution
under N2, then propargyl bromide (110 mg) was added and reacted
for 24 h. After removing the solvent in vacuum, the crude products
were collected for the next step use without further purification. 1H
NMR (D2O, 400 MHz): δ = 2.07 (dd, 2H), 2.45 (m, 2H), 2.60 (dd,
1H), 2.92 (dd, 1H), 3.18 (dd, 1H), 3.29 (m, 2H), 3.70 (m, 3H), 4.65
(dd, 1H).
2.10. Preparation of Alkynylated Biotin. Biotin (244 mg, 1

mmol) was dissolved in 10 mL of DMF. Then EDC·HCl (191 mg, 1
mmol), TEA (100 μL), and NHS (99 mg, 1 mmol) were added and
reacted for 2 h. Then 3-amino-1-propyne (50 μL) were added and
stirred for another 12 h. The solvent was evaporated in vacuum, and
the crude product was purified by silica column chromatography to

give alkynylated biotin as a white solid (225 mg, 0.80 mmol, 80%
yield). 1H NMR (DMSO-d6, 400 MHz): δ = 1.25−1.60 (m, 6H), 2.05
(t, 2H), 2.55 (d, 1H), 2.80 (m, 1H), 3.08 (m, 1H), 3.82 (d, 2H), 4.10
(m, 1H), 4.28 (t, 1H), 6.36 (s, 1H), 6.43 (s, 1H), 8.21 (s, 1H).

2.11. Preparation of Alkynylated O6-(4-Aminomethyl-
benzyl)guanine. 5-Hexynoic acid (70 mg, 1 mmol) was dissolved
in 10 mL of dry DMF under N2. Then EDC·HCl (191 mg, 1 mmol),
TEA (100 μL), and NHS (99 mg, 1 mmol) were added and reacted
for 2 h. Then BG (270 mg, 1 mmol; see preparation details in
Supporting Information) was added and stirred for another 12 h. The
solvent was removed in vacuum, and the crude product was purified by
silica column chromatography to give alkynylated BG as a pale solid
(237 mg, 0.65 mmol, 65% yield). 1H NMR (DMSO-d6, 400 MHz): δ
= 1.67 (m, 2H), 2.22 (m, 4H), 2.79 (s, 1H), 4.21 (s, 2H), 5.43 (s, 2H),
6.26 (s, 2H), 7.24 (m, 4H), 7.45 (d, 1H), 7.76 (s, 1H), 8.33 (s, 1H),
12.40 (s, 1H).

2.12. Preparation of Ligand-Modified MMs. Azide-modified
MMs (25 mg) and 10 mg of alkynylated MD were mixeded in 10 mL
of DMF and 10 mL of pH 7.4 PBS under N2. Then CuSO4·5H2O (5
mg) and sodium ascorbate (10 mg) were added and reacted for 24 h at
room temperature. The resulting MD-modified magnetic microspheres
(MD-MMs) were washed repeatedly and collected by magnetic
separation.

The preparation process for GST-modified magnetic microspheres
(GSH-MMs), biotin-modified magnetic microspheres (biotin-MMs),
and BG-modified magnetic microspheres (BG-MMs) were same with
that of MD-MMs, except the initial recipe was 10 mg of alkynylated
GST, 5 mg of alkynylated biotin, and 5 mg of alkynylated BG instead
of alkynylated MD, respectively.

2.13. Cloning of MBP-mCherry, GST-mCherry, and SNAP-
pre-Cel48F. The plasmid-encoding monomer red fluorescent
mCherry was kindly provided by Prof. Roger Tsien’s lab in UCSD.
Then the MBP-mCherry and GST-mCherry plasmids were con-
structed by inserting the mCherry CDS to the revised pMal-C2x and
pGEX-4T vectors, which contained the MBP and GST tags,
respectively. The SNAP-pre-Cel48F plasmid was constructed from
SNAP-Cel48F, synthesizd by GenScript Corporation. The PreScission
protease cleavage site was introduced by PCR between the N terminal
processive endocellulase Cel48F protein and C terminal SNAP-tag.29

All the plasmids were verified by sequencing (see CDS in Supporting
Information for the amino acid sequence of the protein) and then
transformed into BL21 (DE3) pLysS for expression.

2.14. Expression of MBP-mCherry, GST-mCherry, and SNAP-
pre-Cel48F. The protein-encoding plasmids were transformed into E.
coli strain BL21 (DE3) pLysS. After the colony had grown in LB
medium with ampicillin by shaking at 37 °C, the bacterial suspension
was transferred into a 2 L flask containing 250 mL of autoinduction
medium. When the cells had grown to an optical density at 600 nm,
temperature was lowered to 19 °C. After 20 h, the cells were collected
by centrifugation at 6000 g and stored at −80 °C.

2.15. Purification of MBP-mCherry and GST-mCherry. The
collected cells from 1 L of culture were resuspended in 200 mL of
buffer A (50 mM Tris-HCl, pH 8.5, 150 mM NaCl, 10% glycerol, and
20 mM imidazole) and lysed by sonication to give the cell lysate.

For MBP-mCherry, 100 μL of MD-MMs (2 mg mL−1) was
sedimented in a microcentrifuge tube and washed with 500 μL of MBP
binding buffer (200 mM NaCl, 20 mM Tris-HCl, 1 mM DTT, 1 mM
EDTA, and pH 7.4) three times. Then 500 μL of cell culture
supernatant was mixed with MD-MMs and incubated at 4 °C for 1 h.
The supernatant was removed, and the protein-bonded composite
microspheres were washed with MBP binding buffer three times. The
protein was eluted from MD-MMs with 50 μL of elution buffer (MBP
binding buffer containing 10 mM maltose) at 4 °C.

The purification for GST-mCherry was same with that of MBP-
mCherry, except the GST binding buffer was 150 mM NaCl, 125 mM
Tris-HCl at pH 8.0 and GST elution buffer was 250 mM NaCl, 10
mM Tris-HCl, 50 mM GSH at pH 8.5.

The protein solution was analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The protein
concentration was measured in triplicate by the Bradford method.30
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GST activity of GST-mCherry was measured by the Glutathione S-
Transferase Assay Kit.31

2.16. Immobilization of Streptavidin and SNAP-pre-Cel48F.
SNAP-pre-Cel48F supernatant was loaded on a 5 mL Ni-NTA
superflow column equilibrated by buffer A, then washed by buffer B
(50 mM Tris-HCl, pH 8.5, 1 M NaCl, 10% glycerol and 50 mM
imidazole), and eluted by elution buffer C (50 mM Tris-HCl, pH 8.5,
300 mM imidazole and 10% glycerol) to give purified SNAP-pre-
Cel48F.
Streptavidin and SNAP-pre-Cel48F were mixed and shaken with the

Biotin-MMs and BG-MMs, respectively, at 4 °C for 1 h. The
supernatant was removed, and the protein-bonded composite
microspheres were washed with buffer D (200 mM NaCl, 20 mM
Tris-HCl, and pH 7.4) three times.
2.17. Enzyme Activity of Immobilized SNAP-pre-Cel48F. The

enzyme activity of SNAP-pre-Cel48F on Avicel was determined by
evaluation of the total amount of soluble reducing sugars released at
specific time intervals.15 SNAP-pre-Cel48F was incubated with Avicel
(20 mg mL−1) for 0, 1, 6, and 24 h either in the free state or
immobilized on the MMs and examined for soluble reducing sugars
using ferricyanide assay.32 The final SNAP-pre-Cel48F concentration
was 0.03 μM. All measurements were performed in triplicate.
2.18. Characterization. The hydrodynamic diameter and zeta

potential of the samples were measured on a dynamic light scattering
(DLS) particle size analyzer (Malvern Nano-ZS90). The transmission
electron microscopy (TEM) images were performed on a Tecnai G2
20 TWIN transmission electron microscope. Fourier transform
infrared (FTIR) spectroscopy spectra were obtained on a Nicolet
Nexus-440 FTIR spectrometer. Thermogravimetric analysis (TGA)
was performed by a Pyris 1 TGA instrument under air environment
with a heating rate of 20 °C min−1. Magnetic property was measured
by a vibrating sample magnetometer (VSM) on a model 6000 physical
property measurement system (Quantum, U.S.) at 300 K.

3. RESULTS AND DISCUSSION

3.1. Preparation of N3-MMs. The synthesis of core−
shell−shell MMs involves four steps (Figure 1a). First, a
modified solvothermal reaction was used to prepare highly
crystalline Fe3O4 particles as the core of the MMs.33 As Fe3O4
has relatively weak interactions with organic polymers, an
additional layer of SiO2 was coated onto Fe3O4 particles

(Fe3O4@SiO2) by a sol−gel process for subsequent deposition
of polymers. The silica surface was then grafted with MPS to
incorporate active CC bonds, through which a polymer layer
was formed by an emulsion polymerization of MMA and MAA
(Fe3O4@SiO2@P(MMA-co-MAA)). The carboxylic acid
groups (−COOH) incorporated on the polymer layer were
then activated by EDC·HCl to couple with an amine-
functionalized poly(ethylene glycol) molecule that has an
azide group at the other end (NH2−PEG600−N3).

34 This final
step attached reactive azide groups on the surface of Fe3O4@
SiO2@P(MMA-co-MAA) (N3-MMs), which can subsequently
be used to conjugate a variety of capture ligands carrying alkyne
groups by simple click chemistry.35 Figure 1b−d shows the
TEM images of Fe3O4 (d = 216 ± 20 nm), Fe3O4@SiO2 (d =
251 ± 23 nm), and Fe3O4@SiO2@P(MMA-co-MAA) (d = 263
± 25 nm) obtained at each step. The composition of the
polymer layer was optimized to obtain a surface with a low
degree of nonspecific protein adsorption.27 The hydrodynamic
diameter of Fe3O4 was 270 nm, and the zeta potential was −21
mV due to the existence of citrate groups on the surface of
Fe3O4 (Table 1). With the addition of a SiO2 shell, the
hydrodynamic diameter of Fe3O4@SiO2 increased to 328 nm,

Figure 1. (a) Procedure of preparation of core−shell−shell structured MMs. Representative TEM images of (b) Fe3O4, (c) Fe3O4@SiO2, and (d)
Fe3O4@SiO2@P(MMA-co-MAA) particles. The scale bars are 100 nm.

Table 1. Particle Size and Zeta Potential of Fe3O4, Fe3O4@
SiO2, Fe3O4@SiO2-MPS, Fe3O4@SiO2@P(MMA-co-MAA),
and N3-MMsa

sample
zeta potential

(mV)
hydrodynamic
diameter (nm)b PDIc

Fe3O4 −21 270 0.18
Fe3O4@SiO2 −41 328 0.15
Fe3O4@SiO2-MPS −24 365 0.13
Fe3O4@SiO2@P(MMA-
co-MAA)

−44 476 0.16

N3-MMs −30 504 0.16

aAll the data were measured in 0.15 M PBS at pH = 7.4. bThe
hydrodynamic diameter was measured at 25 °C by DLS. cPDI,
polydispersity index, PDI = ⟨μ2⟩/Γ2.37
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and the zeta potential was −41 mV for the existence of silanol
groups. After the MMs modified with MPS, the zeta potential
of Fe3O4@SiO2-MPS increased to −24 mV. When coating with
P(MMA-co-MAA), the zeta potential of Fe3O4@SiO2@P-
(MMA-co-MAA) decreased to −44 mV, and the hydrodynamic
diameter increased to 476 nm. After coupling with NH2−
PEG600−N3, the hydrodynamic diameter of N3-MMs increased
to 504 nm, and PDI was 0.16. The microspheres showed good
stability and narrow size dispersion. The hydrodynamic sizes of
the microspheres were larger than that shown in TEM image,
which was mainly due to the presence of hydrate layer in
aqueous environment.36

The surface functionalization of MMs was confirmed by
FTIR (Figure 2) and TGA (Figure 3). After coating with SiO2,

the absorption peak for the Fe3O4@SiO2 microspheres at 1089
cm−1 was attributed to the vibration of Si−O−Si. After coating
with P(MMA-co-MAA), Fe3O4@SiO2@P(MMA-co-MAA) had
a peak at 1730 cm−1, which was assigned to CO bonds. The
TGA curves demonstrated that the weight loss of Fe3O4@SiO2
was 8.9%, while the weight loss of Fe3O4@SiO2@P(MMA-co-
MAA) was 29.9% at 800 °C, which indicated that the weight
ratio of the polymer shell was 21%. The weight loss of N3-MMs
was 36.6%, which indicated that weight ratio of the PEG spacer
was 6.7%.
The azide groups on the N3-MMs were further confirmed by

elementary analysis using X-ray photoelectron spectroscopy
(XPS; see Table 2). The contents of element Si, and O were
2.5% and 24.6%, respectively, for Fe3O4@SiO2@P(MMA-co-

MAA). After coupling of NH2−PEG600−N3, the content of N
emerged to 1.85%.

The magnetic properties of MMs were characterized by VSM
(Figure 4). The saturation magnetization (Ms) value of Fe3O4

was found to be 60 emu g−1. After SiO2 was coated, the Ms
value of Fe3O4@SiO2 decreased to 34 emu g−1. After coating
with a polymer shell, the Ms value of Fe3O4@SiO2@P(MMA-
co-MAA) decreased to 23 emu g−1. After reacted with NH2−
PEG600−N3, the Ms value of N3-MMs decreased slightly to 20
emu g−1. Although the Ms value of N3-MMs decreased
significantly compared with the original Fe3O4 particles, the
magnetic property was large enough to make the microspheres
to be separated rapidly, as shown in Figure 4 (the inset). The
VSM results also indicated that the magnetic microspheres
were superparamagnetic at 300 K.38

3.2. Protein Purification and Immobilization. Click
chemistry provides a reliable and efficient tool to the
exploitation of functionalized nanomaterials.35 The specific
and strong binding interaction is effective in a wide range of pH
and temperature. It employs suitable reaction conditions such
as aqueous environment, endowing considerable versatility of
conjugation for many biomolecules without reducing their
activities.39 Furthermore, variety of alkynylated reagents could
be easily used for the modification of ligands. To demonstrate
the adaptability of using the azide functionalized MMs as a
platform to install different capture ligands, we investigated four
widely used, commercially available ligands (MD, GSH, biotin,
and BG). First, we performed alkynylation reactions from
different reactive moieties in the four ligands (−CHO in MD,
−SH in GSH, −COOH in biotin, and −NH2 in BG). The
aldehyde group in MD reacted with 3-amino-1-propyne to form
the Schiff base and then was reduced by NaBH4 to obtain
alkynylated MD.40 Alkynylation of GSH was achieved by

Figure 2. FTIR spectra of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@
P(MMA-co-MAA).

Figure 3. TGA curves of Fe3O4@SiO2, Fe3O4@SiO2@P(MMA-co-
MAA), N3-MMs.

Table 2. Surface Element Percentage of Fe3O4@SiO2,
Fe3O4@SiO2@P(MMA-co-MAA), N3-MMs by XPS

sample ratio of Si ratio of O ratio of N

Fe3O4@SiO2 19.0 47.0
Fe3O4@SiO2@P(MMA-co-MAA) 2.5 24.6
N3-MMs 4.4 26.4 1.85

Figure 4. Magnetic hysteresis curves of Fe3O4, Fe3O4@SiO2, Fe3O4@
SiO2@P(MMA-co-MAA), N3-MMs. The inset photograph showed
two bottles of the sample N3-MMs: (A) well-dispersed in water, and
(B) attracted microspheres to the side wall by magnetic separation.
After slightly shaking, the particles could be redispersed.
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reacting its thiol with 3-bromo-1-propyne.41 Biotin was
alkynylated by condensation reaction between its carboxyl
group and 3-amino-1-propyne.42 BG was also alkynylated by
acid−base condensation, by reacting its amine group with 5-
hexynoic acid.43 The alkynylated ligands then reacted with the
azide groups on MMs by the click chemistry to obtain MD-,
GSH-, biotin-, and BG-functionalized MMs. These four MMs
with different affinity ligands on the surface were used for
purification and immobilization of corresponding tagged
proteins.44,45

Separation and Purification of MBP-Fusion Protein. We
first tested MD-MMs by purification of an MBP-tagged
fluorescent protein (MBP-mCherry, with a molecular weight
of ∼70 kDa) directly from crude cell lysates (Figure 5a). The

cell lysates of MBP-mCherry proteins were incubated with
MD-MMs. MD-MMs with the immobilized proteins were then
separated from the lysates by magnetic separation and washed
three times by MBP binding buffer. The proteins on the MD-
MMs were eluted by maltose elution buffer and analyzed by
SDS-PAGE (Figure 5b), along with the cell lysate and the
eluted solutions collected at different stages. Figure 5b clearly
shows that MBP-mCherry in cell lysates (Lane L) bound
selectively on the MD-MMs and was extracted from the
solution with high purity (Lane B). In contrast, no proteins
were isolated if N3-MMs were used in a control experiment
(Lane A). Figure 5c shows that the adsorption can reach an
equilibrium level within 15 min of incubation, with a binding
capability of 25 ± 2 μg mg−1 of MD-MMs. We examined the

Figure 5. (a) Procedure of purification of MBP-mCherry by MD-MMs, and N3-MMs were used as control; (b) SDS-PAGE analysis of MD-MMs:
lane M, marker; L, crude E. coli lysate; A, elution buffer for control; A1, the supernatant solution after the immobilization of crude proteins for
control; B, elution buffer for MD-MMs; B1, the supernatant solution after the immobilization of crude proteins for MD-MMs. (c) Enrichment
efficiency of MD-MMs at different binding time. (d) Binding capacity of MD-MMs after multiple rounds of recycling.

Figure 6. (a) SDS-PAGE analysis of GSH-MMs: lane M, marker; L, crude E. coli lysate; A, elution buffer for control; A1, the supernatant solution
after the immobilization of crude proteins for control; B, elution buffer for GSH-MMs; B1, the supernatant solution after the immobilization of crude
proteins for GSH-MMs. (b) Enrichment efficiency of GSH-MMs at different binding time. (c) Total activities of GST-mCherry detected by GST
Assay Kit.
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Figure 7. (a) Procedure of immobilization of SA on biotin-MMs and the detection of immobilized SA by biotin-FITC. (b) SDS-PAGE analysis of
eluted SA from N3-MMs (control) and biotin-MMs. (c) Attachment of biotin-FITC on SA-biotin-MMs. (d) Fluorescence spectra of biotin-FITC
bound SA-biotin-MMs (in red), and biotin-FITC incubated with biotin-MMs, which was fractionated before fluorescence measurement (in blue).

Figure 8. (a) Procedure of immobilization SNAP-pre-Cel48F on BG-MMs and the enzymatic cleavage of immobilized SNAP-pre-Cel48F to release
Cel48F. (b) Avicel hydrolysis by SNAP-pre-Cel48F in free state or immobilized state. (c) SDS-PAGE analysis of purified SNAP-pre-Cel48F (lane A)
and the Cel48F released from the cleavage of immobilized SNAP-pre-Cel48F by protease (lane B).
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binding efficiency of MD-MMs with standard MBP-mCherry.
The protein maximum adsorption of MD-MMs was ∼25 μg
mg−1, and the binding efficiency was ∼70%. Figure 5d shows
the change of binding capacities of the MD-MMs after repeated
cycles of separation and elution of MBP-mCherry. The MD-
MMs retain >80% of their binding capacity even after 5 cycles.
Separation and Purification of GST-Fusion Protein. To

further demonstrate that the MMs platform is applicable to
different ligand−protein interactions, we then examined the
effectiveness of GSH-MMs for the purification of GST tagged
mCherry (GST-mCherry). The purification and elution
protocol was similar to that used for MD-MMs. Once again,
by the specific ligand-protein interaction, GST-mCherry was
readily purified from the cell lysates by the GSH-MMs (Figure
6a). Within 30 min of incubation, 20 ± 2 μg of proteins were
immobilized on 1 mg of GSH-MMs (Figure 6b). The protein
maximum adsorption of GSH-MMs was ∼20 μg mg−1 for GST-
mCherry, and the binding efficiency was nearly 60%.
Furthermore, GST Assay Kit was chosen to measure the
activity of the obtained GST-mCherry. As shown in Figure 6c,
the conjugation of the thiol group of glutathione to the 1,3-
dinitro-4-chlorobenzene was effectively catalyzed by the
purified GST-mCherry as there was an obvious increase in
the absorbance at 340 nm.31

Immobilization of Streptavidin. We then set up to test the
MMs platform for multidomain proteins (streptavidin).
Streptavidin (SA) has a four-domain structure, and the binding
of biotin to SA is one of the strongest noncovalent interactions
(Figure 7a).46 The biotin-MMs worked very well to immobilize
SA from the solution. Since the binding between biotin and SA
is extremely tight, the immobilized SA on biotin-MMs needed
to be boiled to elute SA for SDS-PAGE analysis (Figure 7b).
The maximum adsorption of biotin-MMs was ∼25 μg mg−1 for
SA, and the binding efficiency was nearly 90%. To find out
whether the multidomain SA retains their folding and activity
on the MMs, they were incubated with a biotin-modified
fluorescein isothiocyanate (biotin-FITC). Figure 7c shows that
90% biotin-FITC attached to the unoccupied domains of SA
that were immobilized on MMs and can be subsequently
removed from the solution by magnetic separation. Prominent
fluorescence was then found in the biotin-FITC bound SA-
biotin-MMs (SA-biotin-MMs + biotin-FITC; see Figure 7d),
but not in the control samples biotin-FITC incubated with
biotin-MMs (biotin-MMs + biotin-FITC).
Immobilization of SNAP-Fusion Protein. Last, we tested the

MMs for the covalent attachment of ligand with proteins
(Figure 8a, between BG and SNAP tag47). BG-MMs were used
to immobilize a SNAP-tagged cellulolytic enzyme with a
cleavable linker (SNAP-pre-Cel48F; see SNAP-pre-Cel48F
CDS in Supporting Information for the amino acid sequence
of the protein). We confirmed the immobilized efficiency of
BG-MMs with standard SNAP-pre-Cel48F. The protein
maximum adsorption of BG-MMs was ∼20 μg mg−1, and the
binding efficiency was 90%. Once immobilized on BG-MMs,
the activity of SNAP-pre-Cel48F was determined by evaluation
of its enzymatic reaction on Avicel (20 mg mL−1) using a
ferricyanide assay.32 Figure 8b compares the amount of soluble
sugars released at different time intervals by the same amount
of proteins, either in the free state or in the attachment of BG-
MMs. Clearly, the biological activity of Cel48F was largely
retained on MMs. The PreScission protease was used to cleave
the linker between SNAP tag and Cel48F after they were
immobilized on BG-MMs. As was shown in the lane B of

Figure 8c, a clear band (∼70 kDa) was found, which was
assigned to the Cel48F part. The PreScission protease, which
was a 47 kDa protein, could also be found in the lane B of
Figure 8c. This further demonstrates the versatility of the
ligand-functionalized MMs.

4. CONCLUSIONS
In summary, azide-functionalized MMs were developed as a
generic, clickable platform for incorporation of a variety of
capture ligands for purification and immobilization of
recombinant proteins. The general applicability of the approach
has been demonstrated by the incorporation of four alkynlated
ligands on the surface of azide-MMs for fast and selective
immobilization of corresponding proteins. The azide-function-
alized MMs should be applicable for a variety of ligands and
substrates that are amenable to alkynylation reactions.
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