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Abstract

®

CrossMark

Immobilizing enzymes on artificially fabricated carriers for their efficient use and easy removal
from reactants has attracted enormous interest for decades. Specifically, binding platforms using
inorganic nanoparticles have been widely explored because of the benefits of their large surface
area, easy surface modification, and high stability in various pH and temperatures. Herein, we
fabricated Fe;O4 encapsulated ‘sea-urchin’ shaped nickel-silicate nanoparticles with a facile
synthetic route. The enzymes were then rapidly and easily immobilized with poly-histidine tags
(His-tags) and nickel ion affinity. Porous nickel silicate covered nanoparticles achieved a high
immobilization capacity (85 g mg ") of His-tagged tobacco etch virus (TEV) protease. To
investigate immobilized TEV protease enzymatic activity, we analyzed the cleaved quantity of
maltose binding protein-exendin-fused immunoglobulin fusion protein, which connected with
the TEV protease-specific cleavage peptide sequence. Moreover, TEV protease immobilized
nanocomplexes conveniently removed and recollected from the reactant by applying an external
magnetic field, maintained their enzymatic activity after reuse. Therefore, our newly developed

nanoplatform for His-tagged enzyme immobilization provides advantageous features for
biotechnological industries including recombinant protein processing.

Online supplementary data available from stacks.iop.org/NANO/27 /495705 /mmedia

Keywords: enzyme immobilization, nickel silicate covered superparamagnetic nanoparticle,

TEV protease, cleavage, His-tag

(Some figures may appear in colour only in the online journal)

1. Introduction

Advanced fusion protein technology has facilitated the mass
production of desired proteins including high-purity enzymes.
Typically, recombinant proteins produced with Escherichia
coli (E. coli) using recombinant DNA containing desired
coding sequences, are often conjugated with various fusion
partners (e.g., maltose binding protein (MBP), N-utilizing
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substance A (NusA), glutathione S-transferase [1], and
thioredoxin [2]) to enhance protein solubility and promote
easy detection and purification [3—6]. E. coli-derived recom-
binant proteins are normally expressed in insoluble form, so
fusion protein technology represents one strategy to improve
protein expression [4, 5]. However, for appropriate use of
ergonomically generated proteins, removal of the fused
soluble proteins is essential to avoid transmutation of func-
tional domains due to structural hindrance of the fusion
partner [3, 7]. Tobacco etch virus (TEV) protease is

© 2016 IOP Publishing Ltd  Printed in the UK
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considered one of the generally used enzymes for cleaving
recombinant proteins because it is easy to produce and has
high specificity [8, 9]. Significantly, effective removal of TEV
protease and its reuse after the cleavage process are important
to reduce product contamination directly related to desired
protein purity and to improve processing economy [10, 11].
Enzyme immobilization techniques on adequate substrates are
efficient ways to address this issue.

There are several types of immobilization methods
available, including enzyme entrapment in the poly-
dimethylsiloxane network membranes [12], cross-linking to
form enzyme aggregates using penicillin G acylase [13],
adsorption by simple physical and/or ionic bonding, or
covalently binding on organic/inorganic supporting materials
such as immobilization on acrylic resin [14] and zeolites [15],
respectively. During the immobilization process, however,
non-specific and/or random directional binding might cause
severe decreases in immobilized enzyme activity. To over-
come this limitation, site-specific-oriented bonding via affi-
nity tags expressed recombinant enzymes [16], poly-histidine-
tagged (His-tag) [17, 18], polystyrene binding peptide
domain-tagged [19] or calmodulin protein domain-tagged
[20] enzymes as examples, provide appropriate access points
for successful enzyme-substrate reactions. Especially, His-
tags, acting as a chelating agent, form chelate complexes with
metal ions (i.e., cobalt, nickel copper, and zinc) that offer
vacant electron orbitals to generate coordinate bonding [21—
24]. Because the His-tag is relatively small, an immobilization
system using them could minimize conformational and active
change coming from structural hindrances [25]. Although
using affinity tags might cause elution of immobilized pro-
teins by dissociation of subunits that form multimeric
enzymes, they still offer numerous enzymatic applications
with proper binding conditions [17, 26, 27].

In particular, using nanoparticles to immobilize proteins
is advantageous because of their relatively high surface areas
that provide ample binding sites. Binding on inorganic
nanoparticles, such as iron oxide [28, 29], gold [30], and
silica nanoparticles [31] have been widely explored because
of the benefits of high stability in various temperatures or pH,
their own natural characteristics due to their nanosize (e.g.,
superparamagnetism), and straightforward surface modifica-
tion. As a representative example, silica-encapsulated iron-
oxide core—shell nanoparticles have various applications
including magnetic resonance contrast agents [32], cell
separation [33], protein purification [34], and enzyme
immobilization [35]. One simple surface modification of
silica is the formation of nickel silicate from SiO, in a one-pot
synthesis step [36]. Traditionally, metal ion-modified surfaces
have been applied to His-tagged protein purification and/or
enzyme immobilization [37-39]. For efficient enzyme
immobilization using the His-tag on nickel-surfaced magnetic
nanoparticles, the system should (1) provide sufficiently large
binding sites where His-tagged enzymes are bound, (2)
maintain enzymatic activity after immobilization, and (3)
have potential to recollect and reuse the magnetic nano-
particle-enzyme complex.
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Scheme 1. Synthesis of the NiMNCs and TEV protease immobi-
lization. ((a) Superparamagnetic iron oxide magnetic nanocluster
(MNCs) was prepared by thermal decomposition method. Formation
of (b) silica shell on the surface of MNCs (SiMNCs). (c) Silica shell
transferred to nickel silicate (NiMNCs) and (d) His-tagged TEV
protease immobilized on the surface of NIMNCs (TNiMNCs)).

Herein, we developed nickel-silicate (NiSiOj3)-covered
magnetic nanoclusters (NiMNCs) with a silica precursor sol-
gel process, followed by heat treatment with metal-ion solu-
tions that make the shell into a porous and sea-urchin-like
shape that offers effective Ni*" binding sites. We then
demonstrated their potential for enzyme immobilization and
reusability (scheme 1). To immobilize enzymes on the Ni**-
charged surface, we introduced the hexa-histidine-tagged
TEV protease, and the tag simply forms chelates with
NiMNGCs. His-tagged TEV protease-immobilized NiMNCs
(TNiMNCs) were used as the cleavage agents for recombi-
nant proteins (maltose binding protein-exendin-fused Immu-
noglobulin, MBP-Ex/IgG) linked by the TEV protease
specific cleavage peptide. Enzymatic activity of the immo-
bilized TEV protease was measured by calculating the
cleaved amount of MBP-Ex/IgG. After the reaction,
TNiMNCs were easily recollected from the reactant using a
superparamagnetic core (Fe;04) with an external magnetic
field. In brief, we successfully immobilized the His-tagged
TEV protease on Ni*T-surfaced magnetic nanoparticles,
maintaining their enzymatic activity to cleave a TEV pro-
tease-specific cleaving site, ENLYFQ, inside of recombinant
proteins.

2. Experiment

2.1. Materials

Sodium citrate, sodium acetate, iron (III) chloride, ethylene
glycol, diethylene glycol, tetracthyl orthosilicate (TEOS),
nickel (II) sulfate hexahydrate, cetyl trimethylammonium
bromide (CTAB), and sodium hydroxide (NaOH) were pur-
chased from Sigma-Aldrich. Ammonia solution, anhydrous
ethanol, were purchased from Duksan. DNA plasmids of His-
TEV protease and MBP-Ex/IgG were from DNA 2.0. All
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chemical agents were of analytical grade and used directly
without further purification.

2.2. Preparation of Fez0O, nanoclusters (MNCs)

Magnetic nanoclusters were prepared with a modified solvo-
thermal reaction. Specifically, 648 mg of FeCl;, 400 mg of
sodium citrate, and 4 g of sodium acetate were dissolved in
60ml cosolvent (diethylene glycol:ethylene glycol = 2:1).
The resulting mixture was then sealed in a Teflon stainless
steel autoclave at 220 °C for 12h. After cooling to room
temperature, the resulting MNCs were washed several times
with ethanol and deionized water and dispersed in ethanol.

2.3. Preparation of Fe30,@Silica core—shell nanoparticles
(SIMNCs)

SiMNCs were prepared through a sol-gel approach. Briefly,
100 mg MNCs were dispersed in 100 ml cosolvent (ethanol:
deionized water = 5:1) with 4 ml ammonia solution. Next,
700 pul TEOS was added using a Harvard pump at 40 °C for
2 h with stirring. After the reaction completed, the resulting
SiMNCs were washed several times with ethanol and deio-
nized water, and dispersed in deionized water.

2.4. Preparation of Fe3;0,@ Nickel silicate core—shell
nanoparticles (NiMNCs)

Nickel silicate shells were formed using silica shells as a
precursor. Briefly, 50 mg SiMNCs and 196 mg nickel (II)
sulfate hexahydrate were homogeneously dispersed in 20 ml
deionized water. The mixture was then transferred to a Teflon
stainless steel autoclave and heated to a temperature of 180 °C
for 18 h. After cooling to room temperature, the resulting
NiMNCs silicate core—shell nanoparticles were washed sev-
eral times with ethanol and deionized water, and dispersed in
phosphate-buffered saline (PBS) solution for further immo-
bilization of His-tagged enzyme experiments.

2.5. Preparation of His-tagged TEV protease and MBP-Ex/IgG
recombinant protein

Six times His-tagged TEV protease (S219V) and human IgG
Fc domain fused to exendin (Ex-4), a peptide secreted from
the salivary glands of the Gila monster lizard (Heloderma
suspectum), were codon-optimized according to E. coli codon
usage and synthesized from DNA 2.0 Inc. These synthesized
genes were connected to MBP by a TEV protease cleavage
site, and the fusion genes were inserted into pET-30(a)
(Novagen) (online supplementary figure S1). For the human
IgG Fc domain fused to Ex-4 (Ex-4/IgG fc), the T7 promoter
in pET-30(a) was replaced by the rhamnose promoter (figure
S1). These resultant expression vectors were transformed into
E. coli BL21 (DE3)-competent cells, respectively. The
transformed E. coli colony was incubated at 37 °C until the
optical density at 600 nm reached 0.4-0.6. Next, 0.5 mM
isopropyl (3-D-1-thiogalactopyranoside (IPTG) or 20 mM
rhamnose was added and further incubated at 25 °C for 16 h.
The BL21 (DE3) were recollected and disrupted using

ultrasonication. The cell lysate centrifugation was followed
by a purification step using MBP and His affinity
chromatography.

2.6. Binding capacity of His-tagged TEV protease immobilized
onto the NiIMNC surface (TNiMNCs)

NiMNCs (1 mg) were dispersed in 1 ml His-tagged TEV
protease solution with a concentration from 0 to 300 g ml ™",
and gently shaken at 4 °C for 5 min. After re-moving super-
natant solution and washing twice with 1 ml buffer (20 mM
NaP, 0.15M NaCl) using magnetic separation, His-tagged
TEV protease immobilized NiMNCs (TNiMNCs) were
redispersed in 1 ml buffer. The binding capacities were ana-
lyzed with the bicinchoninic acid (BCA) protein assay.

2.7. Investigation of immobilized enzyme activity

To test enzyme activity after immobilization, the quantities of
cleaved recombinant protein using enzyme immobilized onto
the NiMNCs surface was proceeded. We dispersed 50 ug
immobilized TEV protease in 1 ml assay buffer containing
50 pg of recombinant protein (MBP-Ex/IgG). The cleavage
reactions incubated for 24 h at room temperature with gentle
agitation. The products were removed at certain time intervals
of 0.5, 1, 2, 4, 10, and 24 h and inactivated with addition of
sodium dodecyl sulfate (SDS) loading buffer followed by
incubation at 4 °C until the next analysis. The cleaved amount
of MBP-Ex/IgG was analyzed by SDS polyacrylamide gel
electrophoresis (SDS-PAGE).

2.8. Immobilized enzyme reusability

To determine whether immobilized enzyme activity was
preserved after reuse, we repeated the MBP-Ex /IgG cleavage
test five times. Previously tested TNiMNCs were collected
using magnetic separation and washed twice with buffer.
Afterwards, we repeated the enzyme activity test and analysis
in a same manner but the products were collected after 4 h.
The remaining amount of MBP-Ex/IgG by treatment of
TNiMNCs was also quantified by SDS-PAGE.

2.9. Measurements and characterization

The morphology and the size of the particles were analyzed
using a transmission electron microscope (JEM-2100 LAB6,
JEOL Ltd) and a field emission scanning electron microscope
(JEOL-6701F, JEOL Ltd). The concentration and configura-
tion of Fe plus Ni ions in the NiIMNCs were measured by
using inductively coupled plasma-optical emission spectro-
metry (ICP-OES) analysis (Optima 8300, Perkin Elmer) and
spherical aberration correction scanning transmission electron
microscope (STEM) (JEM-ARM 200F, JEOL). Nitrogen
adsorption isotherms were measured using the surface ana-
lyzer ASAP 2020. The specific surface area was calculated
using the Brunauer—-Emmett-Teller (BET) method, and the
pore diameter was calculated using the Barrett—Joyner—
Halenda (BJH) method applied to the nitrogen adsorption
data. BCA protein quantification was analyzed using a
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Figure 1. TEM images of (a) MNCs, (b) SIMNCs, and (c) NiMNCs;
(d) SEM image of NiMNCs. The inset shows the image of NiMNCs
at a higher magnification showing the porous structured shell.

microplate reader (Infinite M200 pro, TECAN). SDS-PAGE
gels were captured with an ImageQuant 350 camera, and band
widths were quantified with ImageJ software.

3. Results and discussion

The fabrication of spiky nickel silicate shell on the MNCs was
shown in figure 1 step-by-step. Superparamagnetic MNCs
with an average diameter of 190 nm were synthesized by
modified solvo-thermal method [40], shown in figure 1(a).
Prepared MNCs were redispersed in aqueous solution for
further formation of silica shell by a modified Stober method
[41]. Monodisperse SiMNCs with 300 nm diameter and
50 nm thickness of silica shell were shown in figure 1(b). An
amorphous silica shell was formed by TEOS hydrolysis under
basic circumstances using NH4,OH. Because SiMNCs were
used as precursors, preparation of monodispersed SiIMNCs
without aggregation was important. Therefore, we precisely
controlled synthesis and obtained highly monodispersed
SiMNCs. Figure 1(c) describes sea-urchin like shaped
SiMNC:s. The silica shell was transformed into a spiky nickel
silicate shell, as confirmed with SEM (figure 1(d)). This
nickel silicate shell has a hollow inner side volume because
the silica shell was consumed to form the nickel silicate shell.

The conformational changes and the existence of nickel
ions in the synthesized particles were confirmed by electron
mapping by STEM and ICP-OES (figure 2). Figure 2(A)
(online supplementary figure S2) shows the distributions of
particle-consisting elements (Fe, O, Si, and Ni). The nickel
and silicon ion spots coincided, demonstrating that the nickel
silicate shell was synthesized from the silica shell.
Figure 2(B) shows the ionic weight concentration. The nickel
ion concentration was 149.38 pig while iron ion concentration
was 539.46 ug in 1 mg of NiMNCs, indicating an overall
abundance of nickel ions in the spiky shell.

Nickel silicate shell formation was also proven by
Fourier transform infrared (FT-IR) spectroscopy (figure 3).

MNCs represented Fe—O stretching vibration around
562 cm™ " over the prepared samples [42]. After formation of
amorphous silica shell around MNCs, absorption peaks at
1077, 951, and 796 cm ™' appeared which correspond to Si—
O-Si, Si-OH, and Si-O stretching vibration (figure 3(b))
[43]. However, two peaks at 951 and 796 cm™ ' disappeared,
and the peak at 1077 cm™' shifted to 1005 cm™' after for-
mation of nickel silicate shell (figure 3(c)). This indicates that
the Si—O-Si and Si—OH bonds disappeared upon formation of
the Si—O-Ni bond [44], which implies that the amorphous
silica shell was reacted as a precursor to synthesize the nickel
silicate shell.

To investigate the magnetic separation property of
NiMNCs, magnetic sensitivity to the external magnetic field
was evaluated (figure 4). Each particle showed super-
paramagnetic property with no hysteresis loop; saturation
magnetization value was measured to be 24.6 emu/gnimncs
(figure 4(c)). The saturation magnetization value of NiMNCs
was decreased with synthesis step progressed, due to forma-
tion of nickel silicate shell over the magnetic nanoparticles so
that average saturation magnetization value per equal weight
of particles decreased. Undoubtedly, NiIMNCs suspended in a
solution were easily separated with external magnetic field
and could be redispersed simply with just hand shaking after
removing the magnetic field. Therefore, NIMNCs could be
easily separated with external magnetic field.

XRD patterns also proved the superparamagnetism of
MNCs was maintained during the synthesis step by step. The
XRD pattern in figure 5(a) indicates an inverse-spinel struc-
ture of Fe;O, [45]. This pattern was conserved after silica
shell coating (figure 5(b)) further transformed to a nickel
silicate shell (figure 5(c)), demonstrating that the crystal-
lographic structure of core magnetic particle was not altered
after formation of the nickel silicate shell, maintaining the
superparamagnetism. Formation of nickel silicate shell was
confirmed by the diffraction peak at 60° in figure 5(c),
corresponding to (300) plane of nickel silicate [46, 47].

The surface properties of NIMNCs were measured with
nitrogen adsorption isotherm using the surface analyzer
ASAP 2020 to verify the large surface area and surface por-
osity (figure 6). Surface area was calculated by the BET
method, and the pore diameter was calculated by BJH
method. The BET surface area of NIMNCs was 229.8 m> gfl,
significantly higher than that of MNCs and SiMNCs,
45.89 m? gf1 and 18.85m?> gf1 respectively (figure 6(A)).
Simultaneously, BJH pore size of NIMNCs was 6.1 nm while
that of MNCs and SiMNCs were both 1.22 nm (figure 6(B)).
The surface area and pore size were effectively increased
during formation of nickel silicate shell from amorphous
silica. Due to the conformational change of the outer shell to
become a sparse/spiky structure, NiMNCs obtained an
enlarged surface area and pore size than MNCs or SiMNCs.
This larger surface morphology and porosity change provided
efficient TEV protease binding sites.

We next tested the binding capacity of His-tagged TEV
protease, which had a molecular weight of 27 kDa, onto the
NiMNC surface. As expected, the amount of immobilized
His-tagged TEV protease increased with injected enzyme,
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Figure 3. FT-IR spectra for (a) MNCs, (b) SIMNCs, and (c)
NiMNCs.

showing a saturation curve (figure 7). The saturated amount
of immobilized His-tagged TEV protease onto 1 mg NiMNCs
was of the order of 85 ug. Immobilization of His-tagged TEV
protease on NiMNCs was proven using FT-IR spectra to
check the amide band of enzymes. -NH vibration absorption
peak around 3332cm”’, and two peaks at 1642 and
1536cm™" which was corresponded to amide I (stretching
vibration of the C=0 bond) and amide II (bending vibrations
of the N-H bond) were generated after immobilization of
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Figure 4. Magnetic hysteresis curves of (a) MNCs, (b) SIMNCs, and
(¢) NiMNCs.

TEV protease on NiMNCs (online supplementary figure S3)
[48, 49]. In addition, SEM images of TNiMNCs provided
in online supplementary figure S4.

To confirm the effect of nickel ions for affinity binding
with His-tag, binding capacity was compared with SIMNCs.
The quantity of TEV protease bound on NiMNCs was 1.37-
fold greater than that on SiMNCs (online supplementary
figure S5). Because TEV protease (pl 9.9) become positively
charged in PBS buffer (pH 7.4), they could adsorb on the
surface of negatively charged NiMNCs and SiMNCs by
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Figure 5. XRD spectra of (a) MNCs, (b) SIMNCs, and (c) NiMNCs.

charge interaction [50, 51]. For a general comparison, His-
tagged green fluorescent protein (GFP) was immobilized in
the same way. In line with the case of TEV protease, the
quantity of GFP bound on NiMNCs was 18-fold higher than
that on SiMNCs (online supplementary figure S7). Both
results of binding tendency were consistent in that more
proteins were immobilized on the NiMNC surface with the
aid of nickel ion-polyhistidine affinity. In addition, rapid
enzyme immobilization occurred so that just 1 min was suf-
ficient for fully covering the NiMNC surface with His-tagged
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Figure 7. Enzyme immobilization capacity measurement by BCA
analysis.

TEV protease (online supplementary figure S8). Rapid His-
tagged TEV protease binding onto the surface of NiMNCs
demonstrated that well distributed nickel ions provided
effective chelate-bonding sites.

To evaluate the activity of His-tagged TEV protease after
immobilization on NiMNCs surface, the cleavage ratio of
MBP-Ex/IgG (the recombinant protein as TEV protease
substrate) was calculated at specific time intervals (0, 1, 2, 4,
6, 10, and 24 h) (scheme 2). After 4 h of agitation at room
temperature, TNiIMNCs cleaved 77% of MBP-Ex/IgG and

B

— (a)
—— ()

Pore volume(cm® g”'nm™)

Pore diameter (nm)

Figure 6. A: The N, adsorption/desorption isotherms and B: pore diameter distribution (BJH method) of (a) MNCs, (b) SiMNCs, and (c)

NiMNCs.
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Scheme 2. Scheme for enzymatic activity of TNiMNCs cleaving of
MBP-Ex/IgG. (a) MBP-Ex/IgG connected with the TEV protease
specific cleavage linker, is cleaved by TNiMNCs and (b) easy-
removal of TNiMNCs from reactant using magnetic field.

the cleaved amount was saturated at ~82% for the 24 h
reaction. The MBP-Ex/IgG cleaved amount at 24 h reaction
using TNiMNCs was 84% of that of using free His-tagged
TEV protease (figure 8(a)). Fractions of cleaved MBP-Ex/
IgG were run on an SDS-PAGE gel (figure 8(b)). The
decreased band intensity of MBP-Ex/IgG was clearly
observed, while those of MBP and Ex/IgG were increased.
The results clearly show that immobilized TNiMNCs suc-
cessfully maintained their enzymatic activity. On the basis of
the results, specific activity was calculated for free-TEV
protease and TEV protease immobilized on NiMNCs. Cal-
culated enzyme specific activity was 32.96 Umg ™' for TEV
protease immobilized on NiMNCs and 47.74 Umg ' for
free-TEV protease (unit activity, U = 100 pmol h™").
Finally, we examined the reusability of TNiMNCs to
demonstrate their potential for practical industrial applica-
tions. To analyze activity maintenance, TNiMNCs were agi-
tated with MBP-Ex /IgG for 4 h in the same way as the above
activity test. For the second reaction, the activity was 73% of
that of the first reaction (figure 9). From the second to fifth
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Figure 9. His-tagged TEV protease immobilized on NiMNCs in the
reuse test.

recycled reaction, the activities were maintained without
diminishment (figure 9). Meanwhile, TEV protease has a
tendency to undergo autolysis [52]. In other words, TEV
protease cleaves itself at a site similar to a specific cleaving
site. As a result, one of the TEV protease immobilized the
outermost side of the porous surface that was exposed to
another, leading to a decrease in total enzymatic activity.
However, the result was that MBP-Ex/IgG was not cleaved
without TNiMNCs (online supplementary figure S9). Based
on this, we can conclude that TEV protease immobilized
inside of the pore and spiky surface, where another TEV
protease cannot reach it. This protease was not affected by
autolysis, so the real-immobilized enzymes maintained MBP-
Ex/IgG cleavage activity.

™
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Figure 8. (a) MBP-Ex/IgG cleavage by His-TEV of free-state or immobilized on NiMNCs and (b) SDS-PAGE analysis. Lane M: molecular
weight marker, lane R: initial MBP-Ex/IgG, lanes 1-6 for time intervals of 0.5-, 1-, 2-, 4-, 10-, and 24 h reaction times, respectively.
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4. Conclusion

In this study, we investigated the potential use of porous
nickel-silicate-covered magnetic nanoparticles (NIMNCs) as
His-tagged enzyme, first report of His-TEV protease immo-
bilized on magnetic nanoparticles. The resultant TNiMNC
complexes were tested to cleave the genetically engineered
recombinant protein MBP-Ex/IgG. His-TEV protease
immobilization was conducted in a simple agitation process
with NiMNCs, and their binding capacity was ~85 ug.
Enzyme immobilization was not affected by reaction time,
indicating rapid conjugation between the poly-histidine tag
and nickel ion. We confirmed immobilized TEV protease
activity by analyzing the cleaved quantity of MBP-Ex/IgG,
and activity was preserved after recollection with a magnetic
field and five reuses for five times. Our nanoplatform to His-
tagged enzyme immobilization process is readily applicable
for enzymatic industries such as fusion protein processes.
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Figure S1. A schematic representation of the expression vector for the Ex-4/IgG Fc fusion protein. 6HIS, six histi-
dine tag sequences; MBP, maltose-biding domain from E. coli; Linker1, S3N10 peptide; TEV protease cleavage site,
ENLYFQ; Ex-4, a peptide secreted from the salivary glands of the Gila monster lizard (Heloderma suspectum);
Linker 2,(G4S)3 peptide; IgG Fc, human IgGi Fc domain.
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Figure S2. EDS ion concentration spectrum of NiMNCs.
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Figure S3. FT-IR spectra for (a) NiIMNGs, (b) His-tagged TEV
protease, and (c) TNiMNCs.

Figure S4.SEM images of TNiMNCs.
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Figure Ss5. Comparison of TEV protease immobilization capacities between
NiMNCs and SiMNCs with BCA analysis.

Figure S6. Isoélectric points of MBP, EX-gG and His-tagged TEV protease analyzed
using SDS-PAGE.



100

80 - 7
60 - |
40 -

20 -

0 % 7]

NiMNCs SiMNCs

Immobilized TEV concentrations (ug/ml)

I GFP Input
FZ7] GFP Unbound
EEE GFP Bound

Figure S7. Comparison of GFP binding capacities between NiMNCs and SiMNCs

with BCA analysis.
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Figure S8. Comparison of TEV protease relative binding capacities on NiIMNCs
with different reaction times from o to 30 min.



Figure Sg. SDS-PAGE protein analysis of MBP-Ex/IgG shaken without immobilized
TEV for 4 h.
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