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Abstract Magnetic nanoparticles with immobilized
metal ligands were prepared for the separation of
antibody fragments. First, iron oxide nanoparticles
were produced in a solvothermal synthesis using
triethylene glycol as solvent and iron(IIl) acetylace-
tonate as organic precursor. Via functionalization of
the particles with priorly reacted 3-glycidoxypropyl-
trimethoxysilane and  No,Na-bis(carboxymethyl)-
L-lysine (NTA), and charging with Ni*", magnetic
affinity adsorbents were obtained. The particles were
applied to separate a His-tagged antibody fragment
from a heterogeneous protein mixture of a microbial
cultivation supernatant. Binding properties and spec-
ificity for purification of the target product ABF D1.3
scFv were optimized regarding the GNTA concentra-
tion and were found superior as compared to com-
mercially available systems. A molar ratio of 1:2
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Fe,03;:GNTA was most beneficial for the specific
purification of the antibody fragment.
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Introduction

Antibodies and antibody fragments are important
products for therapy and diagnostics (Frenzel et al.
2012). Their growing demand increases the pressure
on reducing process costs and time-to-market devel-
opment times. A key to efficient production is the
straightforward purification of these high-value pro-
ducts. This down-stream processing is the most
expensive part and might comprise 50-80 % of the
whole process costs (Roque et al. 2004). Today,
antibodies are commonly isolated by protein-A chro-
matography (Low et al. 2007), which is complex to be
implemented into continuous processes (Cristancho
et al. 2013) and exhibits limitations in scale and
process integrity. Therefore, an alternative system to
reduce costs and process complexity is most desirable.
In this report, we present an easy method to function-
alize superparamagnetic iron oxide particles to
achieve a selective system with high-binding capacity
for protein purification. Magnetic nanoparticles are
investigated extensively for potential biomedical

@ Springer


http://dx.doi.org/10.1007/s11051-013-2164-6

2164 Page 2 of 10

J Nanopart Res (2014) 16:2164

applications (Mornet et al. 2004; Duguet et al. 2006;
Ghosh Chaudhuri and Paria 2011). Due to their
distinct physical and chemical properties, functional-
ized magnetic nanoparticles are highly suitable for the
specific separation of a target protein from a hetero-
geneous mixture (Sopaci et al. 2009; Lee et al. 2012;
Chang et al. 2008; Faraji et al. 2010; Xu et al. 2004).
To serve as a potential alternative in integrated
continuous protein removal (Kippler et al. 2009;
Bucak et al. 2003), it is essential that the particles
are highly stable, do not agglomerate, are biocompat-
ible, and reusable. One method pursued to meet this
aim is the encapsulation of the particles into a
polymeric matrix obtaining a bead-like system (Pale-
cek and Fojta 2007; Csetneki et al. 2004). Nonetheless
this encapsulation leads to a decrease of the magnetic
response (Arias et al. 2007; Gupta and Gupta 2005)
and the particle diameter increases considerably,
corresponding to a decrease in the specific surface
area. Another strategy is the use of plain nanoparticles
functionalized with small molecules like nitrilotriace-
tic acid or iminodiacetic acid and charging them with
metal ions like Ni?T, Zn?*, or Co>". This enables the
immobilization of histidine-tagged proteins directly
out of the protein mixture (Hainfeld et al. 1999; Gu
et al. 2006). So far, the synthesis and functionalization
of magnetic particles in the nanometer scale that
exhibit narrow size distributions with high specific
surface area and a reproducible functionalization
pattern is challenging (Heyd et al. 2011). Coprecipi-
tation is the most frequently applied method to
synthesize the magnetic nanoparticles. Via this route
it is possible to obtain large quantities of nanoparti-
cles; nonetheless, the control over size, shape, and
crystallinity of the particles is very limited. Lee et al.
(2006) used imidazole-stabilized Ni/NiO nanoparti-
cles to magnetically separate the His-tagged proteins.
Shieh et al. (2006) present an aqueous phase synthesis
of magnetic nanoparticles coated with NHZ, function-
alizing them further with glutaraldehyde and Nu,
No-bis(carboxymethyl)-L-lysine (NTA).

Here, we want to present a facile and scalable
approach as an alternative path. Homogeneous, highly
crystalline Fe,O; nanoparticles with a large specific
surface area and a narrow size distribution are obtained
via the solvothermal synthesis using triethylene glycol
(TEG) as high-boiling, environmentally compatible
solvent. The individual nanoparticles are further func-
tionalized with 3-glycidoxypropyltrimethoxysilane
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(GLYMO) and NTA coupled in a previous step,
allowing direct charging of the particles with Ni*™ ions
and the selective separation of antibody fragments with
high-binding capacity.

Experimental
Synthesis of magnetic nanoparticles

Ethyl acetate, TEG, iron(IIl) acetylacetonate (Fe(acac)s,
>99 %), 3-glycidoxypropyltrimethoxysilane (GLY-
MO, >98 %), NTA (=97 %), and nickel(Il) sul-
fate >99 % (all obtained from Sigma-Aldrich) were
used without further purification. In a typical procedure, a
1.5 L reactor (Polyclave, type 3/1, Biichi Glas Uster) was
filled with 50 g Fe(acac); and 1 L solvent (Grabs et al.
2012).

Preparation of GLYMO + NTA (GNTA)

The silane was prepared as described by Anspach (1994)
with little modifications. Briefly, 2.82 g NTA was
dissolved in 50 mL H,O dest. with 14.13 mL NaOH
10 M. The solution was left to cool to 273 K in an ice
bath. Subsequently, 2.375 mL GLYMO was added drop
wise to the solution at 273 K whilst stirring vigorously.
The reaction mixture was allowed to warm to room
temperature and maintained at this temperature for 4 h.
Finally, the temperature was raised to 338 K and the
mixture was stirred overnight. A stable solution with no
precipitation or polymerization of the silane was
obtained. IR: 3578 cm™' (~OH); 2854 cm™' (—OH);
2360 cm™!' (Si-C); 1592 cm™! (-NH-); 1444 cm™!
(-CH»—/-CH3); 1410 cm ™" (-OH); 1334 cm ™' (-OH);
1092 cm™! (Si—O-Si); 878 cm™! (Si-OH); 811 cm™!
(Si-0); 776 cm™" (Si~0); 611 ecm™" (COOH) (see S.1,,
Fig. 0.1).

Coupling of GNTA with particles

In a typical procedure, 10 mL of the stable particle
dispersion in TEG (100 mg Fe,O3) was precipitated
with ethyl acetate and washed twice with ethyl acetate,
separating the particles by using a permanent magnet,
finally redispersing the particles in 10 mL deionized
water. A quantity of 0.1 g Fe,O; particles in water was
added to variable amounts of the GNTA solution,
adjusting the pH with HC1 3 M to 11. The temperature
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of the suspension was raised to 368 K and kept for 3 h.
Subsequently, the surface-modified Fe,O3 nanoparti-
cles were precipitated with a 50/50 (v/v) ethyl acetate/
ethanol mixture and washed twice with ethyl acetate.
Finally, the particles were redispersed in 10 mL
deionized water.

Charging the surface-modified particles with Ni**-
ions

A volume of 10 mL Fe,O3—GNTA dispersion con-
taining 0.1 g of particles was mixed with
0.169 g NiSO, previously dissolved in 2 mL water.
Then the mixture was shaken for 24 h at room
temperature to reach equilibrium. Subsequently, the
particles were separated with a permanent magnet and
washed twice with 10 mL deionized water, redispers-
ing them finally in 10 mL of water, resulting in the
removal of the excess unbound Ni*™ metal ions.

Purification of antibody fragment (ABF) D1.3 scFv

GNTA-Ni*"-functionalized magnetic nanoparticles
were used to selectively purify His-tagged ABF D1.3
scFv from a bacterial cultivation supernatant. It was
derived from a fed-batch cultivation of Bacillus mega-
terium YYBmI cells as previously published (David
et al. 2011). Residual cells were removed by centrifuga-
tion and sterile filtration (Sartorius, Minisart syringe
filters, 0.2 pm). The nanoparticles were added to 7.5 mL
supernatant to reach a concentration of 0.24 mgyp/mL
and incubated for 20 min at room temperature. After
magnetic removal of the particles, they were resuspended
in 100 pL binding buffer (40.1 M Hepes, 1.6 M NaCl). A
50 pL aliquot was used for further analysis of non-
washed particles. The remaining 50 pL. was washed three
times with 1 mL binding buffer. After magnetically
removing the particles, they were vacuum dried at 40 °C
and subsequently resuspended in 50 pL binding buffer.
For SDS-PAGE analysis the 50 pL aliquots, taken before
and after washing, respectively, were mixed with 17 pL
SDS sample buffer (fourfold) and heated for 3 min at
90 °C. In each SDS-PAGE lane 17 plL was analyzed.
Densitometric analysis was performed with the open
source software ImageJ (Schneider et al. 2012). The
purity of the obtained protein fraction was calculated
as follows: Purity (%) = (100 %/(band intensity).y) *
(band intensity Agg).

Characterization

The samples obtained from each process step were
analyzed by dynamic light scattering (DLS) to deter-
mine the particle sizes (Zetasizer NS, Malvern at 173°
backscatter measurement with three repeated runs).
Likewise, the Zeta potential was measured with the
Zetasizer NS, Malvern at 293 K using laser Doppler
anemometry for each sample. Samples from each
process step were dried under vacuum conditions. The
dried samples were measured by X-ray photoelectron
spectroscopy (XPS, Karatos Axis Ultra DLD system).
Elemental analysis was carried out with the dried
powders, from the particles as received and after
functionalization with GNTA on a FlashEA 1112
(ThermoQuest Italia S.p.A.). Transmission electron
microscopy (TEM) measurements were carried out
with a Zeiss EM9120 microscope operated at 120 kV
using 200 square mesh carbon-coated copper grids
(Plano). The condensation product of GNTA was
characterized by attenuated total reflectance Fourier
Transform infrared spectroscopy (ATR-FTIR) with a
BRUKER EQUINOX 55. Raman spectroscopy was
performed on a LabRam-HR 800 from Horiba at a
wavelength of 532 nm using a nitrogen-cooled Spec-
trum One CCD-3000VCCD from Horiba.

Results and discussion

Characterization of surface-modified Fe,05
nanoparticles

The magnetic nanoparticles were prepared by solvo-
thermal synthesis using TEG as solvent as described
formerly (Grabs et al. 2012). Subsequently, the con-
densation product GNTA was introduced onto the
surface of the particles. A schematic illustration of the
functionalization steps of the nanoparticles is shown in
Fig. 1.

The plain nanoparticles, as obtained from the
synthesis, were analyzed by Raman spectroscopy
(Fig. 2). The spectrum confirmed that the core
consisted mainly of iron oxide in the maghemite
phase. To avoid the transformation of magnetite into
hematite while measuring due to the heating of the
sample by the laser source, a lens for light filtering was
used. This resulted in a shift of the peaks to smaller
wavelengths; nonetheless the sample seemed to
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Fig. 1 Schematic illustration of the preparation steps for the Ni*™-loaded functionalized nanoparticles
70 consist rather of maghemite then magnetite (De Faria
& 1 et al. 1997).
i Figure 3 shows TEM images of the samples after
—~ 50 each process step. The TEM image of the magnetic
2 1 nanoparticles dispersed in deionized water directly
B, 40 . .
> ] after the synthesis showed that the particles were
g 30 rather spherical in shape with an average size of 8§ nm
E 5% 1 (Fig. 3a). Due to the van der Waals forces, the
] particles tended to agglomerate. The aqueous particle
10 4 samples were further modified by coupling variable
0 ] amounts of the reaction product of GLYMO and NTA
500 1000 1500 2000 to the surface of the particles. As demonstrated in the
Raman shift (cm™) TEM image (Fig. 3b) of the particles functionalized
with 0.6 g GNTA, the particles are sterically stabi-
Fig. 2 Raman spectrum of the obtained nanoparticles lized, with the individual particles being well
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Fig. 3 TEM image of the magnetic Fe,O3 nanoparticles a not functionalized in deionized water, b functionalized with GNTA,

¢ functionalized with GNTA-Ni**

separated even after drying on the TEM grid. The
addition of NiSO,4 to the sample, obtaining Ni*'-
charged particles, triggered agglomeration and large
agglomerates with a size of several hundred nanome-
ters were observed (Fig. 3c).

Measurement of the Zeta potential revealed a
potential of +22 mV for the unmodified particles in
water. After binding GNTA onto the particle surface,
the potential was —20 mV. The charging of the
particles with Ni** ions changed the Zeta potential to
—6 mV. This confirms the assumption that after
addition of NiSO, the particles agglomerate due to
the decreased degree of repulsion between the
particles.

The magnetic nanoparticle dispersions were char-
acterized using DLS. The particle size distributions for
the plain particles, the surface-modified Fe,O5 parti-
cles and the particles charged with Ni** ions, respec-
tively, are shown in Fig. 4. The average hydrodynamic
size based on the volume distribution xvy so of the
Fe,O5 nanoparticles was 18.2 nm; for the Fe,O3—
GNTA-functionalized particles, the average size of the
particles decreases to 10.1 nm. After charging the
nanoparticles with Ni*", the average size of the

agglomerates increased to 1,500 nm. From the particle
size distribution data, it can be concluded that washing
and redispersion in water results in slight agglomer-
ation of the particles. When covalently binding GNTA
to the surface, the particles are sterically stabilized and
the agglomerates are dissolved, resulting in a hydro-
dynamic size measured by DLS that essentially
reflects the primary size. When adding the nickel salt,
agglomerates were formed (>1 pum), as the zeta
potential decreased with an increasing ion concentra-
tion. For comparison, a commercial system for mag-
netic purification by Promega® was analyzed. In
contrast, these particles had a median size of
xv,s0 = 3,500 nm. Hence, the DLS results are in
agreement with the TEM observations. To evaluate the
binding of GNTA to the particle surface and to confirm
the coupling between the silane and the ligand, high-
resolution XPS of carbon, nitrogen, oxygen, silicon,
and iron was carried out. The analysis of the Fe2p
peak, as seen in Fig. 5a, confirmed that the magnetic
nanoparticles consist of yFe,03. The Fe2p spectra
show the typical structure for iron oxides with a broad,
main, double-peak (Fe2ps, and Fe2p,,,), and typical
shakeup satellites (McIntyre and Zetaruk 1977). The
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Fig. 4 DLS analysis of Fe,O; nanoparticles as obtained from
the synthesis (dotted line), after functionalizing with Fe,O3—
GNTA (dashed line) and after charging with Ni*™* ions (dashed
and dotted line) and commercial particles (Promega®) (contin-
uous line), all in deionized water

Fe2p;,, peak was deconvoluted into two spectral bands
at 711.14 and 713.76 eV. The peak shape and the lack
of the low-binding energy shoulder observed for
Fe30,4 points to the sole presence of Fe(Ill) (Khurshid
et al. 2009; Grosvenor et al. 1984; Minati et al. 2011).
The most intense peak at 711.14 eV is attributed to
iron in the maghemite phase; the peak at 713.76 eV
represents hydroxides which can form on the surface
of the particles due to reaction with moisture in the air.
The Fe2p,,, peak at 725.04 eV is attributed to the
carboxylate—Fe bond. The binding of GNTA to the
surface of the particles can be analyzed by looking at
the Ols region in Fig. 5b and the Si2p region in
Fig. 5c. For this purpose, the oxygen ls peak was
deconvoluted into three spectral bands at 529.47,
531.16, and 533.03 eV. Whereas the peak at
529.47 eV is attributed to Fe,Oj3, the encapsulation
of the particles with GNTA led to a decrease of the
intensity seen for the peak at 529.47 eV and an
increase of the relative intensity of the peak at
533.03 eV, which can be attributed to the Si—O-Si
groups. The peak at 531.16 eV can be attributed to
O-H groups (Ki-Chul et al. 2006). The silicon 2p peak
was deconvoluted into four spectral bands. The peaks
located at the binding energies of 103.83, 102.70,
101.84, and 100.63 eV are characteristic for Si with
different states of oxidation. The peak at 103.83 eV
could be attributed to Si—C bonds while the other
signals are typical for Si—O bonds (Suzer et al. 2010).
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The coupling between the silane and the ligand NTA
can be analyzed by looking at the N2p region shown in
Fig. 5d. The deconvolution of the N2p peak indicates
the presence of secondary and tertiary amino groups at
399.14 and 400.49 eV, respectively (Durdureanu-
Angheluta et al. 2012).

The coverage of the iron oxide nanoparticle surface
with  GNTA was determined quantitatively with
elemental analysis for nitrogen. The surface coverage
was calculated on the basis of the surface area of the
plain particles assuming a uniform particle size of
8 nm and spherical shape. For an amount of 0.6 g
GNTA added to 100 mg nanoparticles, it was calcu-
lated that each particle is covered with about 2,000
GNTA molecules.

Ni-DAD analysis was conducted to determine
gravimetrically the concentration of Ni*™ ions bound
to the surface. The adsorption of Ni*" ions onto the
Fe,O;—GNTA particles was monitored as a function of
added NiSO,. It was discovered that the amount of
Ni** adsorbed to the Fe,O;~GNTA nanoparticles did
not increase when increasing the concentration of
NiSO4 (see S.I., Fig. 0.2). This suggested that the
binding capacity of Fe,O3;—GNTA had reached satu-
ration when adding one molar equivalent NiSO4:NTA.

The Ni*T-charged magnetic nanoparticles were
used to isolate the His-tagged ABF from the culture
supernatant to evaluate their functionality for selective
protein purification. First, the binding capacity of the
Fe,0;-GNTA-Ni*" toward 6-His-tagged proteins was
evaluated using purified recombinant 6-His-tagged
ABF D1.3 scFv. To obtain the binding capacity of the
particles, increasing concentrations of ABF, ranging
from 25 mgapr/L to 200 mgapp/L, were added to
0.5 gge,0, /L magnetic nanoparticles each. The amount
of ABF that was not bound to the particles was
determined by SDS-PAGE and densitometric analysis
by comparison to an ABF standard with a given
concentration.

As shown in Fig. 6, the protein binding efficiency
gradually increased with increasing concentration of
ABF in suspension. For the highest dosage of
200 mgagr/L, 50 % of the product could not be
isolated and remained in the supernatant. In contrast,
a slightly lower binding capacity for the commercial
Promega® system was observed, isolating only 45 %
of the desired protein. Obviously, the usage of
individual nanoparticles as developed here was
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Fig. 5 XPS spectra of the
nanoparticles a Fe2p peak,
b Ols peak, ¢ Si2p peak,
d N2p peak = .
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Binding energy (eV) Binding energy (eV)
. [ = Fe.O.-GNTAN® supernatant, containing naturally secreted proteins and
- 273 . .
3 W=y . Pmmegﬂ@ » the recombinant ABF D1.3 scFv, to obtain a concen-
*E’ - i - tration of 0.24 mg/mL. Figure 7 shows the SDS-PAGE
[= b | . .
g analysis of loaded particles from the two process steps,
g s ) ® i.e., before (—) and after washing (4). Figure 7a
g " reveals a defined band corresponding to the molecular
& 404 weight of ABF D1.3 scFv before (—) and after washing
E . (+) of the particles with almost the same intensity. This
5 204 confirms that the particles were able to bind and
w ' selectively purify the His-tagged ABFs. Moreover, the
< 5 . : . i i ] : target protein was not detached during washing, while
0 50 100 150 200 the unspecific binding of other proteins was reduced.

Dosage ABF D1.3 scFV (mg/L)

Fig. 6 Adsorption isotherm for the binding of purified ABF
D1.3 scFv to GNTA-Ni*>"-functionalized magnetic nanoparti-
cles (GLYMO + NTA-Ni** 0.6 g/Fe,05 (100 mg))

superior to embedded ones as found in the Promega®
system probably due to the high surface/volume ratio
and a higher binding capacity. As a second step, the
optimal protein separation performance of the particles
was investigated by modulation of the added GNTA
amount, varying from 0.5 to 3.0 g/100 mg Fe,03.In a
typical protein purification procedure, the functional-
ized particles were added to a pretreated cultivation

Figure 7b, ¢ provides the densitometric analysis of the
SDS-PAGE analysis. The concentration of GNTA,
used to functionalize the particles, had a distinct effect
on the amount of particle bound ABF and also on the
purity of the separated protein. By alteration of the
added amount of GNTA, the purity of the target protein
ABF D1.3 scFv and its total amount varied. When
increasing the amount of GNTA to 2.0 g, the relative
amount of ABF bound decreased, whereas a further
increase up to 3.0 g resulted in a somewhat higher
amount of bound ABF. This may be attributed to
several mechanisms: naturally, the increase of GNTA
content would produce more docking sites available
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Fig. 7 Selective purification of ABF D1.3 scFv from a bacterial
cultivation supernatant. The GNTA fraction was varied from 0.5
to 3.0 g/Fe,O5 (100 mg) and proteins bound to the particles
(0.24 mg/mL) were analyzed by SDS-PAGE. Relative amounts
of proteins were determined by densitometric analysis of protein
bands. The purity was calculated related to the amount of
unspecifically bound proteins

for binding to the particles. On the other hand, this
could also result in a steric hindrance between the
ligand and the antibody fragment, decreasing the
amount of purified ABF. Moreover, the addition of
NiSO, in an equimolar ratio to NTA might trigger a
stronger agglomeration, due to the higher ionic
strength, hence decreasing the surface area available
for purification. The detailed elucidation of the under-
lying mechanisms will be subject to our future
investigations.
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Since the absolute amount of ABF as well as its
purity are aimed to be maximized, 0.6 g GNTA/
100 mg (Fe,03) was identified as an ideal GNTA
ratio. Concentrations of >2 g GNTA/100 mg (Fe,03)
showed also feasible purification performance. How-
ever, these relatively high concentrations show barely
higher amounts of adsorbed protein. Thus, the lower
GNTA ratio was preferred in order to keep costs as low
as possible.

Conclusion

In summary, a highly specific protein purification
system with high capacity was prepared by immobi-
lization of GNTA onto nanoparticles synthesized via
the non-aqueous sol-gel method and subsequent
charging with Ni*" ions. The system exhibited a high
adsorption capacity for the specific protein ABF D1.3
scFv while showing low adsorption of other proteins.
The presented system thus has great potential to be
used as an alternative separation system for His-
tagged proteins or peptides as it can easily be prepared
and shows high promise toward scale-up. The han-
dling of the separation system is easy and separation is
achieved rapidly with low nonspecific adsorption.
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