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Abstract
Growth of poly(2-hydroxyethyl methacrylate) brushes on magnetic nanoparticles and subsequent
brush functionalization with nitrilotriacetate-Ni2+ yield magnetic beads that selectively capture
polyhistidine-tagged (His-tagged) protein directly from cell extracts. Transmission electron
microscopy, FT-IR spectroscopy, thermogravimetric analysis, and magnetization measurements
confirm and quantify the formation of the brushes on magnetic particles, and multilayer protein
adsorption to these brushes results in binding capacities (220 mg BSA/g of beads and 245 mg His-
tagged Ubiquitin/g of beads) that are an order of magnitude greater than those of commercial
magnetic beads. Moreover, the functionalized beads selectively capture His-tagged protein within
5 min. The high binding capacity and protein purity along with efficient protein capture in a short
incubation time make brush-modified particles attractive for purification of recombinant proteins.
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Introduction
Many protein-purification methods employ a separation step based on specific interactions
between immobilized ligands and affinity tags on the protein,1-3 and the most common
affinity tag is polyhistidine, which binds to immobilized Ni2+ or Co2+ complexes. Isolation
of His-tagged protein typically occurs in columns containing resins modified with Ni2+

complexes, often Ni2+-nitrilotriacetate (Ni2+-NTA), and these methods are attractive for
their high protein loading, mild elution conditions, and easy regeneration of the metal
complexes on the resin.4-6 However, slow intra-particle biomolecule diffusion to binding
sites in porous micron-sized beads can lead to relatively long processing times7 that can be
problematic when purifying unstable proteins.8

Functionalized magnetic particles are attractive for small-scale purification and analysis
because they can be readily isolated from solutions using a strong magnetic field, in some
cases with commercially available magnetic separators9 or automated magnetic bead
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processors.10, 11 Specific modification of the particles allows isolation of protein or DNA,
12 as well as magnetic cell separation.9, 13 However, most commercial magnetic beads are
micron sized and thus have a limited surface area and binding capacity (typically <25 mg
protein/g of beads).12, 14 The use of highly porous beads can enhance capacity, but as
mentioned above, slow diffusion in pores will limit binding rates. In principle, addition of
more beads to a sample can overcome low binding capacities, but the greater volume of the
particle slurry will dilute the sample and perhaps lead to increased non-specific adsorption
or sample loss. In some instances, beads with high capacities may increase the binding
efficiencies for low-abundance protein.25

Several studies examined modified magnetic nanoparticles for protein binding because these
small particles have a large surface area to volume ratio and hence a high binding capacity.
15-25 Xu and coworkers reported preliminary capacities of 2-3 g of protein per g of bead
when using extremely small (diameters less than 3 nm) FePt nanoparticles modified with
nitrilotriacetate (NTA),22 but such particles may be difficult to collect.23 A recent paper
also suggested capacities as high as 2 g protein/ per g of beads for ~30 nm NTA-Au/Fe3O4
beads, although some nonspecific protein adsorption occurred on the base Au/Fe3O4
particle.25 However, in all cases the binding capacity did not exceed a monolayer of protein
on the particle surface.

This work reports the modification of magnetic nanoparticles (MNPs) through growth of
polymer brushes by atom transfer radical polymerization (ATRP) from immobilized
initiators. Recent studies show that such brushes can increase protein-binding capacities in
porous membranes,26, 27 and prior research on ATRP from silica demonstrates that this
polymerization technique allows controlled brush growth without particle aggregation.28-34
Control over brush thickness is vital for negotiating the tradeoff between enhancing binding
capacity and decreasing the magnetization of MNPs. ATRP of glycidyl methacrylate from
magnetic beads permits covalent immobilization of proteins, but the highest reported
binding capacity of such systems is 50 mg protein per g of beads.35, 36 This work shows
that MNPs with ~50 nm-thick brushes can be collected with a permanent magnet and that
multilayer binding of tagged protein (see Figure 1) leads to a binding capacity of 220-245
mg protein/g of beads. Moreover, protein isolation can occur directly from cell extracts in a
few minutes.

Experimental section
Materials

N,N-dimethylformamide (DMF, anhydrous, 99.8%), CuCl (99.999%), CuBr2 (99%), 2,2’-
bipyridyl (bpy, 99%), 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), 4-dimethylaminopyridine (DMAP), imidazole
(99%), 2-hydroxyethyl methacrylate (HEMA, 97%), TWEEN-20 surfactant, His-tagged
ubiquitin (HisU), and bovine serum albumin (BSA) were obtained from Sigma Aldrich.
Dynabeads® were purchased from Invitrogen. HEMA was passed through a column of
activated basic alumina (Aldrich) prior to use. NiSO4·5H2O (Columbus Chemical),
CuSO4·5H2O (CCI), NaH2PO4 (CCI), Na2HPO4 (Aldrich), tetraethyl orthosilicate (TEOS,
Fluka), Nα,Nα-bis(carboxymethyl)-L-lysine hydrate (aminobutyl NTA, Fluka), succinic
anhydride (SA, Matheson Coleman & Bell), Coomassie protein assay reagent (Pierce), and
all other chemicals were of analytical grade, and used as received.

Synthesis of silica-coated magnetic nanoparticles
EMG 308 (1 mL, Ferrotec), a solution of Fe3O4 nanoparticles, was diluted with water (13.6
mL) prior to addition of isopropanol (80 mL) to precipitate the magnetite nanoparticles and
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remove excess surfactant. The supernatant was decanted, and the magnetically collected
nanoparticles were then dispersed in 200 mL of 80% (v:v) ethanol (EtOH) in water. After
sonication of this solution for 15 min, concentrated ammonia (5 mL) and TEOS (2 mL) were
added to the solution,37, 38 and the mixture was mechanically stirred for 3 h. HCl (1 mL,
2M) was added to stop the reaction, and the silica-coated MNPs were magnetically collected
and washed twice with 50 mL of EtOH (the same volume of solvent was used for all the
washing steps), twice with water, and again with EtOH before drying under vacuum for 6 h.

Initiator attachment
SiO2-MNPs were dried at 120 °C overnight and then dispersed in toluene through sonication
(0.2 g beads in 150 mL). Tricholorosilane initiator, (11-(2-bromo-2-methyl)
propionyloxy)undecyltrichlorosilane39 was added (0.2 mL), and the mixture was stirred at
65 °C overnight while bubbling with N2. The initiator-modified beads were washed twice
with 50 mL of toluene and twice with 50 mL of THF prior to drying in vacuum for 4 h.

Growth of poly(2-hydroxyethyl methacrylate) (PHEMA) on beads
Initiator-modified beads (0.1 g) were dispersed by sonication in purified HEMA (10 mL),
and the mixture was degassed via 3 freeze-pump-thaw cycles. In another Schlenk flask,
HEMA (10 mL) was mixed with water (10 mL) and bpy (366 mg), and after 3 degassing
cycles CuCl (82.5 mg) and CuBr2 (54 mg) were added and another 2 degassing cycles were
performed. In a glove bag, the two degassed HEMA mixtures were combined and
magnetically stirred for 1 h. Subsequently, air was bubbled through the polymerization
solution until its color turned from dark brown to dark green, and the beads were then
washed sequentially with 20 mL of DMF (the same volume of solvent was used for all the
washing steps), EtOH (twice), water, and EtOH, and dried in vacuum.

Derivatization
40 PHEMA-MNPs (200 mg) were dispersed in 10 mL DMF by sonication and mixed with
10 mL DMF containing SA (200 mg) and DMAP (200 mg) prior to stirring at 55 °C
overnight. The SA-MNPs were washed with 20 mL of DMF (the same volume of solvent
was used for all the washing steps), EtOH (twice) and then water (twice). Subsequently, an
aqueous solution (20 mL) containing EDC (0.1 M) and NHS (0.1 M) was mixed with the
SA-MNPs for 30 min followed by washing with EtOH three times. Then, the EDC/NHS-
activated beads were exposed to a pH 10, aminobutyl-NTA (0.1 M) aqueous solution for 1 h
with magnetic stirring and washed with water three times. Finally, the NTA-SA-PHEMA-
MNPs were immersed in CuSO4 (0.05 M) for 1 h, washed with water three times and EtOH
twice and dried under vacuum for 5 h.

Characterization methods
Thermogravimetric analysis (TGA) was run under air flow with a 3-step program: heating
from 30 °C to 120 °C at a rate of 10 °C/min, holding at 120 °C for 30 min, and finally
ramping the temperature to 800 °C at 10 °C/min. Transmission electron microscopy (TEM)
images were obtained on a JEOL 100CX microscope. All the samples were prepared by a
drop-dry method on carbon-coated copper grids. For dynamic light scattering (DLS),
particles were dispersed in water, and the size distribution was determined on a ZetaPALS
instrument (Brookhaven, Holtsville, NY) with a 35 mW 660 nm excitation.
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Results and discussion
Preparation and derivatization of magnetic nanoparticles

Scheme 1 shows the procedure for creating magnetic particles coated with functional
polymer brushes that bind proteins. The first step is the formation of a silica coating on the
magnetic nanoparticles to prevent oxidation and dissolution of the Fe3O4. The high density
of –OH groups on the silica also allows further modification of the particles through
silanization. To coat Fe3O4 nanoparticles with silica, we employ standard sol gel methods
with some important modifications.37, 38 Among these modifications, precipitation of the
commercial Fe3O4 nanoparticles in an isopropanol/water mixture (prior to their resuspension
in an ethanol/water solution) presumably removes excess surfactant to minimize particle
aggregation during deposition of silica through hydrolysis of TEOS and condensation on the
Fe3O4 seeds. After formation of the encapsulated Fe3O4, rapid neutralization of the silica-
coating solution by addition of HCl is critical to avoid the formation of large clusters during
collection of the particles with a magnet. TEM images show unaggregated particles with a
dark Fe3O4 core, which may consist of several Fe3O4 nanoparticles, inside a silica shell
(Figure 2a).

Growth of polymer brushes from silica-coated nanoparticles requires immobilization of
polymerization initiators on the surface via silanization (Scheme 1, step 2). However, this
reaction releases HCl, which may dissolve the Fe3O4 core even after coating with silica
because of the high reaction temperature (65 °C) and relatively long time (~15 h). In initial
studies, TEM images revealed white spots in the center of some of the nanoparticles after
silanization as well as an absence of dark cores, suggesting the dissolution of the Fe3O4 (see
Figure S1a, Figure numbers beginning with S refer to the supporting information). To
overcome this problem, we sparge the silane solution with N2 during initiator attachment to
both remove HCl and prevent the introduction of water vapor. With this procedure, all the
initiator-modified nanoparticles in TEM images show dark Fe3O4 cores (Figure S1b).

Subsequent polymerization of HEMA from the immobilized initiators gives MNPs modified
with polymer brushes, and quenching the polymerization with air prior to collecting the
brush-modified nanoparticles helps to avoid particle aggregation. The ultimate goal of this
work is to create readily collectible nanoparticles that exhibit high protein-binding
capacities, and binding capacity should increase with the length of polymer chains.
However, long brushes also decrease the magnetization of the MNPs and make their
collection difficult, so we limit the polymerization time to 1 h. ATRP is attractive for
modifying MNPs because it affords control over the brush molecular weight and film
thickness through variation of polymerization time. Additionally, surface-initiated ATRP
minimizes solution polymerization that could result in physisorbed polymers that cause
particle aggregation.

Derivatization of the polymer brushes includes reaction with SA, activation of the resulting
– COOH groups with EDC and NHS, and subsequent reaction with aminobutyl NTA
(Scheme 1). Visible changes in the reaction suspensions qualitatively demonstrate the
success of the derivatization procedure. For example, SA-modified MNPs typically disperse
well in water because the side chains on the polymer brushes end in carboxylic acids, but
after activation with EDC/NHS mixtures, the reacted particles tend to aggregate in water
because they are more hydrophobic. In addition, the aggregation makes beads more
collectable.

Characterization of particle size and the extent of polymerization and derivatization
TEM images confirm nanoparticle modification and provide estimates of particle diameters.
Bare Fe3O4 particles have diameters of 5-15 nm, and after encasing these seeds in silica,
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some particles contain multiple Fe3O4 nuclei because of iron oxide aggregation prior to
coating (Figure 2a).38 The size distribution for 290 silica-coated particles in TEM images
(Figure S2) shows an average particle diameter of 43 ± 8 nm, and dynamic light scattering
data (Figure S3, top) suggest that 90% of the particles have diameters between 43 and 57
nm. However, the light scattering data also show that about 10% of the particles are between
151 nm and 216 nm in diameter, which could be due to some particle aggregation.

After growth of PHEMA from the silica-coated nanoparticles, TEM images such as that in
Figure 2b show the formation of a 10 nm-thick polymer layer on the ~45 nm-diameter SiO2-
Fe3O4 particles. In contrast, light scattering measurements show that 90% of the PHEMA-
modified particles have diameters between 134 and 170 nm, whereas the other 10% of
particles are between 289 nm and 365 nm in diameter (Figure S3, bottom). The ~100 nm
increase in diameter after polymerization suggests that the polymer layer is ~50 nm thick
Light-scattering measurements occur in water, which likely swells the film to increase
thickness. Such swelling of polymer brushes is vital for binding of multilayers of protein to
modified beads. The particle diameter in TEM images is ~100 nm after modification with
NTA, indicating a ~30 nm thick polymer layer on the SiO2-Fe3O4 core (Figure 2c). In the
inset of Figure 2c, the contrast between the polymer and the underlying nanoparticle is
relatively low, but the image suggests a ~30 nm film on the outside of the SiO2-Fe3O4
particle. Derivatization of the polymer with NTA more than triples (3.6 times) the molecular
weight of the polymer repeat unit, so the large increase in thickness is not surprising.
Notably, the particles are not aggregated after the derivatization process, presumably
because of the high negative charge of NTA.

TGA plots of weight loss versus temperature (Figure 3) provide an estimate of the quantity
of polymer grown from the nanoparticles. The coated particles consist of both thermally
stable compounds that remain in the residue (silica, magnetite, and metal ions bound to the
polymer) and decomposable polymer brushes and initiators that contribute to weight loss.
Even with just silica-coated Fe3O4, however, a small amount of water and possibly residual
ethoxy groups from the TEOS give rise to an 8% total weight loss. After growth of PHEMA
from the particle, TGA shows a total weight loss of 71%, which corresponds to a PHEMA
thickness of ~14 nm (see the supporting information for details of the thickness calculations
from TGA data). This thickness value agrees reasonably well with the TEM thickness of
~10 nm. Reaction of PHEMA with SA leads to a total weight loss of 81%, which is
consistent with essentially complete reaction between SA and PHEMA (see supporting
information). After derivatization of SA-PHEMA with NTA and NTA-Cu2+, the percent
mass loss of the particles during TGA does not increase significantly, probably because
sodium and copper remain in the residue.

The FTIR spectra in Figure 4 also confirm the polymerization and derivatization reactions in
Scheme 1. After growth of PHEMA on the SiO2-Fe3O4 particles, an absorption maximum
due to carbonyl groups in the polymer appears at ~1740 cm-1 (spectrum 4b). Reaction of the
PHEMA with SA results in a greatly increased absorbance at ~1740 cm-1 (spectrum 4c)
because of the conversion of -OH groups to esters and the presence of carboxylic acid
groups. Peaks due to formation of the succinimide ester (1817 and 1786 cm-1, spectrum
4d)41 appear upon activation of carboxylic acids with EDC/NHS, and these peaks disappear
after reaction with NTA (spectrum 4e). A strong absorbance at 1680 cm-1 in spectrum 4e
also suggests NTA immobilization and is probably due to the carboxylate groups from NTA
as well as the amide bond that immobilizes the NTA.40

Nanoparticle Magnetization
Brush-coated nanoparticles must be highly magnetic for collection with a magnet after
protein binding. Figure S4 in the supporting information shows magnetization curves
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obtained with a vibrating sample magnetometer for Fe3O4 particles before and after different
modification steps. As expected, the saturation magnetism per g of these nanoparticles
decreases after silica coating (from 61.3 emu/g to 7.1 emu/g) and then decreases further to
2.5 emu/g after growth of polymer brushes. Derivatization with NTA and loading of Cu2+

reduces the magnetization to 0.94 emu/g because of the additional increase in mass of the
particles. However, even after coating with Cu2+-NTA-SA-PHEMA, a rare earth NdFeB
magnet (2” x 2” x 0.5”) can collect particles suspended in an Eppendorf tube in 5 min,
which simplifies modification and washing steps. Optimization of the collection geometry
should further decrease the time required for magnetic collection of the particles.
(Centrifugation is not effective for collecting SiO2-Fe3O4 particles, but it is possible to
accumulate modified particles using a bench-top centrifuge, presumably because of the
larger size and increased tendency toward aggregation with the modified particles.)

Protein-binding capacities of magnetic beads modified with Cu2+-NTA-SA-PHEMA or Ni2+-
NTA-SA-PHEMA

In our initial examination of protein binding to brush-modified MNPs, we mixed 0.45 mg of
Cu2+-NTA-SA-PHEMA-modified nanoparticles in 50 μL of water with a 0.25-mL solution
containing 0.3 mg of BSA in 20 mM pH 7.2 phosphate buffer. In this case, the protein
binding likely occurs through interaction of BSA histidine residues with NTA-Cu2+

complexes. After a 30-min incubation with shaking, we isolated the beads with a magnet
and determined the protein concentration in the supernatant with a Bradford assay. Based on
a 33% decrease in the amount of protein in solution after mixing with the beads, the binding
capacity is 220 ± 10 mg BSA per g of beads, which corresponds to approximately 1.8 ×
10-16 g BSA per modified SiO2-Fe3O4 particle (a Cu2+-NTA-SA-PHEMA-modified particle
has a mass of 8.2 × 10-16 g, see supporting information). This mass of BSA is the equivalent
of ~8 monolayers on the bare SiO2-Fe3O4 nanoparticle, which has an average diameter of 43
nm, and the presence of the BSA alone would increase the diameter of the base SiO2-Fe3O4
particle to ~75 nm. The total particle size after protein adsorption is of course much larger
than this because of the polymer. (See the supporting information for details of the
calculation.) The mass of adsorbed BSA is about 25% of the mass of the Cu2+-NTA-SA-
PHEMA brush on the beads. Consistent with BSA binding to NTA-Cu2+ complexes, a
control experiment with NTA-SA-PHEMA-modified MNPs without Cu2+ showed no
detectable binding of BSA.

Ni2+-NTA-SA-PHEMA-MNPs are especially attractive for purification of proteins tagged
with polyhistidine. To measure the binding capacity of a His-tagged protein on Ni2+-NTA-
SA-PHEMA-MNPs, we first mixed 25 μL of a solution containing 40 mg of modified beads/
mL with 400 μL of 1 mg/mL HisU in 20 mM pH 7.2 phosphate buffer. After incubation for
30 min, washing with 20 mM pH 7.2 phosphate buffer containing 0.1% TWEEN-20 three
times, and finally eluting with 250 μL elution buffer (20 mM pH 7.2 phosphate buffer with
0.5 M NaCl and 0.5 M imidazole), the concentration of HisU in the eluate was 0.98 mg/mL
as determined by a Bradford assay. This amount of HisU in the eluate corresponds to a
binding capacity of 245 mg HisU/g of beads, which is similar to the binding capacity for
BSA on Cu2+-NTA-SA-PHEMA-MNPs.

Purification of His-tagged protein from cell lysate
To demonstrate the utility of these beads for protein purification, we isolated over-
expressed, His-tagged cellular retinaldehyde-binding protein (CRALBP) from a cell lysate
obtained as described previously.27 The procedure simply involves mixing 100 μL of 20
mg/mL Ni2+-NTA-SA-PHEMA-modified beads with 400 μL of crude cell lysate, incubating
for 30 min on a shaker table, collecting the beads with a magnet, washing them three times
with 150 μL washing buffer (pH 7.2, 20 mM phosphate buffer containing 45 mM imidazole
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and 0.15 M NaCl), and eluting the protein by exposing the beads for 15 min (with shaking)
to 40 μL of elution buffer (pH 7.2, 20 mM phosphate buffer containing 0.5 M imidazole and
0. 5 M NaCl). Figure 5 shows the gel electropherograms of both the cell lysate and the bead
eluate and demonstrates that the Ni2+-NTA-SA-PHEMA nanoparticles are highly selective.
Remarkably, the eluate electropherogram shows no impurity bands.

One potential advantage of brush-modified nanoparticles over traditional porous microbeads
is the elimination of mass-transport limitations due to diffusion within the bead. The short
processing time is critical for successful purification of unstable proteins.8 To examine
capture rates, we mixed 300 μL of an aqueous suspension containing 20 mg of Ni2+-NTA-
modified beads per mL with 1.2 mL of ice-cold cell lysate and collected 350-μL aliquots of
the mixture after 2, 5, 15, and 30 min. (The mixture was stirred with a vortex mixer for ~1
min at the beginning of the experiment, immediately before collection of an aliquot, and
every 3-4 minutes during the incubation.) We centrifuged each aliquot, washed them four
times, eluted the protein, and estimated protein concentration using a Bradford assay.
(Collection of the modified beads via centrifugation facilitates kinetics experiments because
it is more rapid (1 min) than magnetic collection, which takes ~5 min.) Importantly, the
amount of eluted protein did not vary significantly with incubation times of 5 min, 15 min or
30 min, and beads reached 80-90% of their saturation capacities within 2 min of incubation
(Figure S5). Thus, 5 min is sufficient time for the beads to bind protein. Gel
electropherograms (Figure S6) confirm that the amount of protein binding does not vary
greatly with incubation time. The fast capture presumably occurs because the swollen
polymer brushes are only ~50 nm thick, so diffusion into the polymer is rapid. Typical
procedures for purifications using agarose beads suggest either 30-min incubation
times42-44 or only 2-5 min for incubation with beads of very limited capacity (1-5 mg
protein/ mL beads).45, 46

To test the reusability of Ni2+-NTA-SA-PHEMA-modified beads, after elution of His-
tagged CRALBP we extracted the Ni2+ from the beads with an ethylenediaminetetraacetic
acid solution, reloaded the Ni2+, and again purified His-tagged CRALBP from a sample of
cell lysate. Gel electropherograms (compare Figure 5 and Figure S7) are similar for the first
and second purifications.

Qualitative assessment of protein recovery and comparison with commercial magnetic
beads

Along with selectivity, high recoveries are also vital in protein purification. Using gel
electrophoresis, we qualitatively compared the recoveries of HisU in purifications with
Ni2+-NTA-SA-PHEMA-MNPs and commercial Dynabeads® to determine if the high
capacity of Ni2+-NTA-SA-PHEMA-MNPs leads to more efficient protein capture. Although
Dynabeads® exhibit one of the highest protein-binding capacities among commercial
magnetic beads (40 mg/g, see Table 1), their capacity is still <20% of that for Ni2+-NTA-
SA-PHEMA-MNPs. In these experiments, we combined a 50 μL mixture containing 40 mg/
mL beads (either Ni2+-NTA-SA-PHEMA-MNPs or commercial Dynabeads®) with 400 μL
of 5 μg/mL HisU solution in 20 mM pH 7.2 phosphate buffer. After incubation for 30 min
and washing with washing buffer, the bound protein was eluted with 15 μL elution buffer
(see the protein-binding capacities section for buffer details) and analyzed qualitatively by
SDS-PAGE by loading 2 μg of protein (assuming 100% recovery) in each lane. The Gel
electropherogram in Figure 6 shows that the intensity of the band from HisU (10.7 kDa)
enriched with Ni2+-NTA-SA-PHEMA-MNPs (lane 3) is similar to the intensity of the band
resulting from directly loading of 2 μg of pure HisU (lane 2). In contrast the band of the
eluate from commercially available beads (lane 4) is less intense, suggesting that the Ni2+-
NTA-SA-PHEMA-MNPs have a higher recovery than the commercially available beads.
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In this experiment, the amount of protein in the binding solution (2 μg) is considerably less
than the fully loaded binding capacity of the beads (80 μg for the Dynabeads® and 490 μg
for Ni2+-NTA-SA-PHEMA-MNPs). However, at such low concentrations (5 μg/mL), the
equilibrium fraction of binding sites occupied by protein may be very low, and the
equilibrium binding capacity of the Dynabeads® may still be significantly less than the
amount of protein in the solution. At a similar or even slightly lower fractional filling of
binding sites, the higher capacity of the Ni2+-NTA-SA-PHEMA-MNPs should allow
binding of a larger fraction of the protein in solution. The advantages of high capacity may
be particularly apparent at low protein concentrations.25

Table 1 summarizes some of the properties of commercially available magnetic beads used
for isolation of His-tagged proteins. Most beads are micron sized and have binding
capacities that are a factor of 5.5-200 lower than the 220-245 mg protein/g of brush-
modified beads. In 2004, Xu and coworkers15 suggested that modified particles with
diameters of ~2 nm bind His-tagged green fluorescent protein with a capacity of 2-3 g per g
of beads, but as mentioned in the introduction such particles may be difficult to collect. Very
recently, Xie et al. reported Ni2+-NTA-Au/Fe3O4 particles with capacity of 2 mg protein/mg
beads, however, there was some non specific protein binding to the base Au/Fe3O4 particles.
25 Such particles with high capacity may also prove useful in the collection of proteins at
low concentrations.

Conclusions
Growth of polymer brushes on silica-coated Fe3O4 yields stable MNPs that bind an order of
magnitude more protein than typical commercial magnetic microparticles. These particles
can rapidly isolate multilayers of His-tagged protein directly from a cell extract with high
purity, and the ~50 nm thickness of the polymer brushes reduces diffusion limitations to
allow protein capture in as little as 5 min. Moreover, the brush-modified particles afford
high protein recoveries and can be reused if desired.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram of brush-modified beads and protein binding to these beads.
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Scheme 1.
Synthesis and derivatization of polymer brush-modified magnetic nanoparticles.
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Figure 2.
TEM images of (a) SiO2-Fe3O4, (b) PHEMA-SiO2-Fe3O4, and (c) NTA-SA-PHEMA-SiO2-
Fe3O4 nanoparticles. The inset in image (c) shows an NTA-SA-PHEMA-SiO2-Fe3O4
particle at higher magnification.
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Figure 3.
Weight losses obtained from TGA of SiO2-Fe3O4 (black), Initiator-SiO2-Fe3O4 (pink),
PHEMA-Initiator-SiO2-Fe3O4 (blue), SA-PHEMA-Initiator-SiO2-Fe3O4 (brown), NTA-SA-
PHEMA-Initiator-SiO2-Fe3O4 (red), and Cu2+-NTA-SA-PHEMA-Initiator-SiO2-Fe3O4
(green) particles.
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Figure 4.
KBr FTIR spectra of (a) SiO2-Fe3O4, (b) PHEMA-SiO2-Fe3O4, (c) SA-PHEMA-SiO2-
Fe3O4, (d) NHS-SA-PHEMA-SiO2-Fe3O4, and (e) NTA-SA-PHEMA-SiO2-Fe3O4. The
spectra are normalized with respect to the absorbance at 1099 cm-1, where most of the
absorption should be due to silica.
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Figure 5.
SDS-PAGE analysis (Coomassie staining) of a cell lysate containing overexpressed His-
tagged CRALBP before (lane 2) and after (lane 3) purification using Ni2+-NTA-SA-
PHEMA-SiO2-Fe3O4 beads. Lane 1 shows a standard protein ladder.

Xu et al. Page 16

Langmuir. Author manuscript; available in PMC 2012 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
SDS-PAGE analysis (Coomassie staining) of 2 μg HisU directly applied (lane 2) or enriched
from 400 μL of a 5 μg/mL protein solution using 2 mg of Ni2+-NTA-SA-PHEMA-SiO2-
Fe3O4 beads (lane 3) or 2 mg of Dynabeads® (lane 4). Lane 1 shows a standard protein
ladder.
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