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netic nanoparticles with an IDA or
TED modified surface for purification and
immobilization of poly-histidine tagged proteins†

Kai Zeng,a En-Jie Sun,*a Ze-Wen Liu,a Junhui Guo,a Chengqing Yuan,b Ying Yang c

and Hao Xie *a

Magnetic nanoparticles (MNPs) chelating with metal ions can specifically interact with poly-histidine

peptides and facilitate immobilization and purification of proteins with poly-histidine tags. Fabrication of

MNPs is generally complicated and time consuming. In this paper, we report the preparation of Ni(II) ion

chelated MNPs (Ni-MNPs) in two stages for protein immobilization and purification. In the first stage,

organic ligands including pentadentate tris (carboxymethyl) ethylenediamine (TED) and tridentate

iminodiacetic acid (IDA) and inorganic Fe3O4–SiO2 MNPs were synthesized separately. In the next stage,

ligands were grafted to the surface of MNPs and MNPs with a TED or IDA modified surface were

acquired, followed by chelating with Ni(II) ions. The Ni(II) ion chelated forms of MNPs (Ni-MNPs) were

characterized including morphology, surface charge, structure, size distribution and magnetic response.

Taking a his-tagged glycoside hydrolase DspB (Dispersin B) as the protein representative, specific

interactions were confirmed between DspB and Ni-MNPs. Purification of his-tagged DspB was achieved

with Ni-MNPs that exhibited better performance in terms of purity and activity of DspB than commercial

Ni-NTA. Ni-MNPs as enzyme carriers for DspB also exhibited good compatibility and reasonable

reusability as well as improved performance in various conditions.
1 Introduction

Protein and enzyme immobilization have extensive applications
in the environment and biomedicine.1–4 Current approaches for
immobilizing enzymes include embedding, adsorption, cross-
linking, covalent bonding.5–8 For example, glucose sensitivity
was greatly improved by using glucose oxidase (GOx) and
horseradish peroxidase (HRP) co-embedded nanoowers.5 Cui
et al. prepared an electrochemical sensor for the detection of
organophosphorus pesticides (OPs) by adsorbing acetylcholin-
esterase (AChE) to (CSTiO2)–Ti-@-CS/rGO.6 Kim et al. used
glutaraldehyde as a cross-linking agent to immobilize Candida
rugosa lipase to amino-modied magnetic beads to degrade
polycaprolactone (PCL).7 Hosseini et al. covalently immobilized
cellulase with epoxy polymer modied Fe3O4, which improved
enzyme activity, thermal stability and reusability.8 Reasonable
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quantity, quality, purity, activity, as well as stability of enzymes
are always important issues in immobilizing enzymes.

Immobilized metal ion affinity chromatography (IMAC) is an
ideal technique for immobilizing and purifying proteins with
poly-histidine tags.9–11 IMAC immobilized transition-metal ions
(Cu2+, Ni2+, Co2+, Zn2+) via ligands such as one tridentate imi-
nodiacetic acid (IDA),12–14 two tetradentates nitrilotriacetic acid
(NTA),15–17 carboxymethylated aspartic acid (CM-Asp),18,19 pen-
tadentate tris (carboxymethyl) ethylenediamine (TED).20,21

Specic interactions between transition-metal ions and poly-
histidine tags (his-tags) on the N- or C-terminals of proteins
facilitate protein separation and purication under different
ionic strength and pH of solutions. Since only his-tags are
involved in protein immobilization, the rest part of his-tagged
proteins as well as their functions and characteristics are less
inuenced during the course of protein immobilization.

Based on IMAC, magnetic nanoparticles (MNPs) with
chelated metal ions have been developed for purication of his-
tagged proteins.22–26 MNPs are good carriers for proteins owing
to their large surface, good dispersion and magnetic response.
The use of MNPs in purifying his-tagged proteins is advanta-
geous in improving adsorption capacity, simplifying operating
procedures, and reducing time consuming.27,28 MNPs chelating
with metal ions enabled one-step immobilization and puri-
cation of his-tagged proteins.29 Proteins of enzymes immobi-
lized on MNPs are easily separated from cell lysates or reacting
This journal is © The Royal Society of Chemistry 2020
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mixtures under the function of external magnetic force.30–32 For
example, Zhou and coworkers reported the use of Fe3O4/PMG/
IDA-Ni2+ MNPs in on-step purication of his-tagged b-glucosi-
dase (BG).30

For immobilization and purication of proteins, outer layers
of MNPs are usually modied and chelated with metal ions. That
is, MNPs cores are prepared and followed with chemical modi-
cations that are generally complicated and time consuming. In
addition, serious aggregation of MNPs may occur when metal
agitators or magnetic instruments are used during preparation
procedures. This situation calls for short and simple procedures
for MNPs preparation. In the present study, we proposed to
synthesize the organic ligand for chelating metal ions and
prepare the inorganic magnetic core simultaneously, and then
gra the ligand to the surface of themagnetic core. Three types of
MNPs were synthesized including Fe3O4–SiO2-TED (FS-TED),
Fe3O4–SiO2-IDA (FS-IDA), and Fe3O4–SiO2-{APTES-ECH-IDA} (FS-
ECH-IDA) MNPs and then used to generate Ni(II) ions chelated
forms of MNPs (Ni-MNPs). Ni-MNPs based immobilization and
purication of his-tagged proteins were investigated by taking
advantages of a his-tagged DspB (Dispersin B) as the protein
representative. DspB is a biolm-releasing glycoside hydrolase
from the periodontopathogen Actinobacillus actino-
mycetemcomitans.31 Conditions for immobilization and purica-
tion of DspB were examined and optimized including pH,
temperature, thermal stability, storage stability, reusability and
kinetic characteristics.
2 Materials and methods
2.1 Reagents

Ammonium ferrous sulfate ((NH4)2Fe(SO4)2$6H2O), ferric chlo-
ride (FeCl3$6H2O), tetraethyl-orthosilicate (TEOS), ammonium
hydroxide (NH3$H2O), nickel sulfate (NiSO4$6H2O), sodium
hydroxide (NaOH), epichlorohydrin (ECH) and ethyl alcohol
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Imidazole and sodium chloroacetate were purchased from
Shanghai McLean Biochemical Technology Co., Ltd. Commer-
cial Ni-NTA and isopropyl-b-D-thiogalactopyranoside (IPTG)
were purchased from Shenggong Biological Engineering
(Shanghai) Co., Ltd. 3-Aminopropyltriethoxysilane (APTES) and
N-(2-aminoethyl)-3-aminopropyl-trimethoxysilane (AAPTMS)
were purchased from Aladdin Reagent (Shanghai) Co. Ltd. All
reagents were used directly without further purication.
2.2 Preparation of Ni-MNPs

Preparation of Fe3O4 MNPs was based on previous reports.33,34

Typically, 1.90 g (NH4)2Fe(SO4)2$6H2O and 2.33 g FeCl3$6H2O
were dissolved in 50 mL deionized water at 60 �C, followed by
addition of 30 mL concentrated ammonia under nitrogen
protection with stirring for 30 minutes. The temperature of the
mixture was increased up to 80 �C and kept for 1 hour. As
prepared Fe3O4 MNPs were washed several times with ethanol
and deionized water.

For preparation of Fe3O4–SiO2 MNPs, 100 mg as prepared
Fe3O4 MNPs were dispersed in 100 mL mixed solution of water
This journal is © The Royal Society of Chemistry 2020
and ethanol (1 : 4) and then treated with ultrasound for 15
minutes. Then 6 mL ammonia was added and 0.6 mL TEOS was
dripped under vigorous mechanical stirring. The reaction was
allowed for 12 hours at room temperature. As prepared Fe3O4–

SiO2 MNPs were magnetically separated and washed several
times with ethanol and deionized water.

TED-propyl-silane and IDA-propyl-silane were synthesized
based on the reaction of amino groups on AAPTMS and APTES
with sodium chloroacetate, respectively.35–38 Typically, 0.822 mL
AAPTMS or 0.842 mL APTES were dripped into 25 mL deionized
water with magnetic stirring and on ice water bath for 1 hour.
Then 1.68 g or 1.26 g sodium chloroacetate was added and
reacted at 80 �C for 7 hours. The pH of the solution was adjusted
between 8.0 and 9.0 by using 5 M NaOH. Aer the reaction
completed, the pH of reacting mixture (transparent light yellow
liquid) was adjusted to 3.0 with concentrated hydrochloric acid.
TED-propyl-silane or IDA-propyl-silane aqueous solution were
obtained (Fig. 1, Panels A1 and A2).

The synthesis of APTES-ECH-IDA was based on previous
reports.39–41 Typically, 1.0 g IDA was dissolved in 25 mL deion-
ized water containing 1.2 g NaOH. Then, 1.2 mL epichlorohy-
drin was added and reacted at 40 �C for 4 hours. Aer keeping
on ice for 5 minutes, 1.76 mL APTES was added and hydrolyzed
with magnetic stirring for 1 hour. Then 0.6 g NaOH was added
and the reacting mixture was heated up to 80 �C for 4 hours.
Aer the reaction completed, the pH of reacting mixture
(transparent light yellow liquid) was adjusted to 3.0 with
concentrated hydrochloric acid and APTES-ECH-IDA (Fig. 1,
Panel A3) aqueous solution were obtained.

Functionalization of Fe3O4–SiO2 MNPs was started with
dispersing 200 mg Fe3O4–SiO2 MNPs into TED-propyl-silane,
IDA-propyl-silane, or APTES-ECH-IDA aqueous solution, which
was treated with ultrasound for 15 minutes, and then reacted at
95 �C under mechanical agitation for 2 hours. The powder was
magnetically separated and washed several times with deion-
ized water to obtain FS-TED, FS-IDA, and FS-ECH-IDA MNPs.
MNPs were then added to 0.1 mol L�1 NiSO4 solution,
mechanically stirred at room temperature for 2 hours. The ob-
tained Ni(II) chelated MNPs (Ni-MNPs) were washed several
times with deionized water. The whole process was illustrated
in Fig. 1, Panel B.
2.3 Characterization of Ni-MNPs

The structure of Ni-MNPs was analyzed by using the FEI Tecnai
G2 F20 transmission electron microscope (TEM). Dynamic light
scattering (DLS) of sonication dispersed MNPs in deionized
water were measured by using the Malvern Instruments Zeta-
sizer Nano ZS90 at 25 �C. Zeta potential of MNPs in 0.01 M KCl
wasmeasured by using the Malvern Instruments Zetasizer Nano
ZS90 and with pH adjusting by 0.1 M HCl or NaOH.42–44 XRD
patterns were recorded by using the rotating target X-ray
diffractometer (D/MAX-RB). Fourier transform infrared (FT-IR)
spectra were recorded by using a Thermo Fisher Scientic
Nicolet iS5. Magnetic measurements were performed on Phys-
ical Property Measurement System (PPMS-9T, USA). All data
were collected from triplicated measurements.
RSC Adv., 2020, 10, 11524–11534 | 11525
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Fig. 1 Preparation of Ni(II) ions chelated FS-TED, FS-IDA, and FS-ECH-IDA MNPs. Panels (A1)–(A3), synthesis of carboxylated AAPTMS (a) and
APTES (b and c). Panel (B), synthesis and functionalization of Fe3O4–SiO2 MNPs to acquire Ni(II) ions chelated FS-TED, FS-IDA, and FS-ECH-IDA
MNPs.
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View Article Online
2.4 Expression, purication and immobilization of his-
tagged proteins

Genes encoding his-tagged DspB were cloned into pET-28a
vector and expressed in Escherichia coli BL21 (DE3). The
transformed single colony was cultured overnight at 37 �C in
5 mL LB medium containing 50 mg mL�1 kanamycin. The
culture was inoculated to fresh LB medium at 1 : 100 and
cultured at 220 rpm at 37 �C. When the optical density at
600 nm (OD600) reached 0.8, protein expression was induced
overnight by IPTG at a nal concentration of 0.5 mM. The
bacteria were harvested by centrifugation and re-suspended in
lysis buffer (50 mM PB, 5 mM imidazole, 500 mMNaCl, pH 8.0)
for later use.

For immobilization of DspB, cells were crushed in a high-
pressure homogenizer and centrifugated at 8000 rpm, 10
minutes. Typically, supernatant containing DspB from 0.5 mL
overnight cell culture was mixed with 5.0 mg Ni-MNPs and
incubated at 25 �C for 30 minutes. Magnetic separation of Ni-
MNPs was facilitated with a commercial NdFeB magnet (N52,
20 � 10 � 10 mm). Ni-MNPs were washed with washing buffer
(50 mM PBS, 0–10 mM imidazole, 500 mM NaCl, pH 8.0). Ni-
MNPs with loaded DspB were resuspended in 50 mM PBS,
100 mM NaCl, pH 6.0, and ready for enzymatic assay. Or bound
11526 | RSC Adv., 2020, 10, 11524–11534
protein DspB were eluded with of elution buffer (50 mM PBS,
250 mM imidazole, 500 mM NaCl, pH 8.0).

The protein concentration was determined by using the
Bradford method.45
2.5 SDS-polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) were per-
formed as previously described,46 with 5% stacking gel and 12%
running gel for separating proteins and Coomassie Brilliant
Blue for staining proteins. All reagents were purchased from
Shenggong Biological Engineering (Shanghai) Co., Ltd. Aer
staining and destaining, SDS-PAGE gels were further analyzed
by using Gel-Pro Analyzer (Media Cybernetics, USA).
2.6 Activity assay of DspB

For measuring the activity of DspB before and aer immobili-
zation, 4-nitrophenyl-N-acetyl b-D-glucosaminide was used as
the substrate47 and dissolved in 50 mM PBS, 100 mM NaCl, pH
6.0, to a nal concentration of 5 mM. 12 mL DspB was added to
108 mL substrate solution and incubated at 40 �C for 10
minutes. The reaction was terminated by adding with 100 mL
1 M Na2CO3 and followed by measuring light absorption of r-
nitrophenolate at 405 nm.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10473a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 2

:0
3:

44
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2.7 Characterization of interaction between DspB and MNPs

Affinity puried DspB was dialyzed against 50 mM phosphate,
pH 7.4, 5 mM imidazole, 500 mMNaCl. Then, 100 mL his-tagged
DspB solution (C0) was added with 200 mg Ni-MNPs. Aer
incubation at 25 �C, MNPs with adsorbed DspB were collected
by external magnetic force. The adsorption capacity was calcu-
lated by eqn (1):

q ¼ (C0 � C)V/m (1)

where,m is the amount of Ni-MNPs (mg). V is the volume of his-
tagged DspB solution (mL). C0 (mg mL�1) and C (mg mL�1) are
the initial concentration and the concentration in the adsorbed
supernatant of his-tagged DspB, respectively.
Fig. 2 TEM images (A–D) of MNPs and size distributions (E) and mean
scattering.

This journal is © The Royal Society of Chemistry 2020
3 Results and discussion
3.1 Synthesis and characterization of MNPs

Morphology and structures of MNPs were analyzed by means of
TEM (Fig. 2, Panels A–D). It was revealed the formation of silica
layer on Fe3O4 MNPs.48,49 Although the size of Fe3O4 MNPs was
less than 100 nm, the size distribution of MNPs aggregates
measuring by means of dynamic light scattering was between
164.2 and 531.2 nm (Fig. 2, Panels E and F). The mean size of
Fe3O4–SiO2 MNPs aggregates was slightly lower than that of
derived MNPs including FS-TED, FS-IDA, and FS-ECH-IDA. The
size of MNPs aggregates was in the same range of Fe3O4 nano-
particles or derivatives in previous reports.50,51 Reasonable dis-
persity of MNPs aggregates was proved by PDI (particle
dispersion index) values (Fig. 2, Panels F).
diameters and PDI (F) of MNPs aggregates revealed by dynamic light

RSC Adv., 2020, 10, 11524–11534 | 11527
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Dispersion stability as well as isoelectric point of MNPs were
characterized by zeta potential measurement (Fig. 3, Panel A).
Good dispersion stability of the four types of MNPs was proved
by zeta potentials between �28.13 and �30.90 at pH 7.0.44

Positive zeta potential values of FS-ECH-IDA MNPs was detected
when pH was lower than pH 5.0. This is attributed to the ioni-
zation of the imine group (–NH–) on APTES-ECH-IDA. The
observed isoelectric point (pI) of Fe3O4–SiO2 MNPs was similar
to that of SiO2 (�2.3).52 The observed pI of FS-TED, FS-IDA, and
FS-ECH-IDA MNPs were much lower than that of Fe3O4–SiO2-
APTES.53 This was due to that the amino groups were modied
and replaced with carboxyl groups on the surface of MNPs.

Crystallinity of MNPs was examined by XRD measurement.
The XRD patterns of all MNPs were consistent with standard
Fe3O4 (JCPDS no. 01-076-1849) (Fig. 3, Panel B), which proved
cubic spinel structures of these MNPs.54 Good crystallinity was
deduced for all prepared MNPs from the XRD patterns which
implied that surface modication of TEOS, APTES and AAPTMS
groups did not change the crystal structure of Fe3O4. A wide peak
around 22� was found for Fe3O4–SiO2 MNPs, which was due to
the inuence of amorphous SiO2 layer on MNPs surface.55,56

Surface modications by organic groups on MNPs was
examined by FTIR spectrometry (Fig. 3, Panel C). The charac-
teristic peak at 580 cm�1 belongs to the vibration of Fe–O in
Fe3O4.57 The wide absorption peak at 1097 cm�1 and the band at
467 cm�1 is due to the vibration of Si–O–Si and the weak band
around 800 cm�1 is attributed to Fe–O–Si, suggesting silica
modication on Fe3O4 surface.58,59 An absorption peak near
Fig. 3 Characterization of MNPs. Panels (A), zeta potential; Panel (B), XR

11528 | RSC Adv., 2020, 10, 11524–11534
1400 cm�1 was detected for MNPs except Fe3O4–SiO2 MNPs.
This peak may be related to the bending vibration of O–H in
carboxylic acid.60 Two bands at 3420 cm�1 and 1631 cm�1 can
be stretching vibration of –OH groups and related to the water
adsorbed on MNPs surface.61,62 A absorption peak near
2927 cm�1 was also observed and ascribed to the stretching
vibrations of C–H.62,63 These observations conrmed the intro-
duction of carboxyl groups and silane coupling agents on
Fe3O4–SiO2 surface.

Magnetic properties of MNPs before and aer surface
modication was conrmed and evaluated by analyzing the
magnetic hysteresis loops (Fig. 3, Panel D). The saturation
magnetization (Ms) of Fe3O4 was observed as 56.51 emu g�1,
which was reduced to 26.35–34.53 emu g�1 aer surface
modication. All MNPs did not exhibit signicant remanence,
indicating good paramagnetism of these MNPs.

In summary, Fe3O4–SiO2 MNPs and surface modied deriv-
atives were synthesized. The morphology, structure, surface
features, dispersity, size, as well as magnetic properties of these
MNPs were characterized, which exhibited potentials in
magnetic separation and purication of his-tagged proteins.
3.2 Interactions between his-tagged DspB and Ni-MNPs

Interactions between DspB and Ni(II) chelated MNPs (Ni-MNPs)
were investigated based on procedures of Ni-NTA affinity
chromatography. No his-tagged proteins was found to bind to
unchelated MNPs (Fig. 4, Panel A). Purication of his-tagged
DspB with high homogeneity was observed by using Ni-MNPs
D spectra; Panel (C), FTIR spectra; Panel (D), magnetization curves.

This journal is © The Royal Society of Chemistry 2020
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(Fig. 4, Panel A), implying specic interactions between his-
tagged proteins and Ni-MNPs. When eluting with stepwise
gradient imidazole, eluting proles of DspB were different when
binding to different Ni-MNPs (Fig. S1, see ESI;† Fig. 4, Panel B).
Signicant amount of DspB binding to Ni-FS-TED MNPs was
eluded at 20–50 mM imidazole that was higher than DspB
binding to Ni-FS-IDA or Ni-FS-ECH-IDA MNPs, implying week
interactions between DspB and Ni-FS-TEDMNPs. This might be
related to the number of coordination sites of Ni(II) ions on
magnetic nanoparticles. In general, Ni(II) ions has six coordi-
nation sites.64,65 Aer chelation, the number of remaining sites
were reduced to three for IDA and one for TED, which
contributed to the difference of binding characteristics between
his-tagged proteins and Ni-MNPs.66–68 De Goes et al. stated that
“the more polydentate the chelating ligand is, the better the
stability of chelate complex, the lower the metal ion leakage,
and the higher the selectivity, but on the other hand, the lower
the capacity for protein adsorption”.66

The course of interactions between DspB and Ni-MNPs were
explored by measuring the adsorption of DspB on Ni-MNPs
during two hours (Fig. 4, Panel C; Table S1†). It took about 30
minutes for DspB to complete adsorption on Ni-MNPs and
reaching equilibrium, which is consistent with previous reports
of adsorption of his-tagged proteins on Ni(II) ions chelated
carriers.69–71 The adsorption kinetics of DspB on Ni-MNPs fol-
lowed pseudo-second order kinetic model describing by eqn 2.

t

qt
¼ 1

k1qe2
þ 1

qe
t ¼ 1

v0
þ 1

qe
t (2)

where qt and qe represent the adsorption amount at time t and
the adsorption amount at the adsorption equilibrium (mg g�1).
Fig. 4 Adsorption of his-tagged DspB on Ni-MNPs. Panel (A), SDS-PAG
before and after adsorption on Ni-MNPs; LanesW and E showwash and e
Panel (B), elution of DspB under different concentrations of imidazole (Fig
adsorption kinetic plots (inset). Panel (D), dissociation of DspB and Lang

This journal is © The Royal Society of Chemistry 2020
k1 is the adsorption rate constant of pseudo-second-order
kinetics (g (mg�1 min�1)). v0 represents the initial adsorption
rate (mg (g�1 min�1)). qe and k1 can be used to calculate the
slope and intercept of t/qt vs. t. The pseudo-second order kinetic
model can be used to describe the kinetics of protein adsorp-
tion to the surface of carrier.72–74

The k1, qe, and v0, of Ni-FS-IDA or Ni-FS-ECH-IDA MNPs
binding to DspB are similar and both are higher than that of Ni-
FS-TED MNPs. The v0 of Ni-FS-IDA or Ni-FS-ECH-IDA MNPs are
almost 3 times higher than that of Ni-FS-TED MNPs. Since aer
chelating with Ni(II) ions, there are three coordination sites
remaining on IDA and one on TED, it suggested that the
adsorption capacity may be related to number of coordination
sites on IDA and TED.

Dissociation of DspB to Ni-MNPs was also measured (Fig. 4,
Panel D; Table S2†). Similar curves of Ni-FS-IDA or Ni-FS-ECH-
IDA MNPs for adsorbing DspB were observed and exhibited
capacity higher than that with Ni-FS-TED MNPs. The dissocia-
tion of DspB with Ni-MNPs followed Langmuir isotherm model
describing by eqn 3.70,71,75,76

qe ¼ qmKLCe

1þ KLCe

(3)

where qe represents the adsorption amount (mg g�1) of DspB at
the time of adsorption equilibrium, qm is the maximum
adsorption amount (mg g�1) of DspB, and Ce is the equilibrium
concentration (mg mL�1) of DspB. KL is the Langmuir constant
(mL mg�1) and is related to the adsorption energy.

The calculated adsorption capacities of Ni-MNPs were
similar to observed ones, indicating that the adsorption of DspB
on Ni-MNPs follows the monolayer adsorption mechanism. It
E analysis, Lanes B and A show cell lysate containing his-tagged DspB
lution fractions. Green arrow points to the position of his-tagged DspB.
. S1, see ESI†). Panel (C), adsorption of DspB and pseudo-second-order
muir isotherm fitting (inset).
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was observed the negative DG0 of DspB adsorbing on NI-MNPs,
indicating that the adsorption process was spontaneous and
exothermic. This is similar to previous reports of Ni or Cu ions
chelated matrix in adsorbing his-tagged proteins.77,78

In summary, there were specic interactions between his-
tagged proteins and as prepared Ni-MNPs, which may facili-
tate immobilization and purication of these proteins.

3.3 The use of Ni-MNPs for purication of DspB

Factors affecting protein purication based on Ni-MNPs were
further explored including the eluting agent imidazole, protein
purity, binding capacity and reusability of Ni-MNPs. Same
amount of non-magnetic commercial Ni-NTA as that of Ni-
MNPs was used as a control for evaluating the performance of
Ni-MNPs in protein purication. Aer binding with DspB and
Table 1 Use of different affinity media for purification of DspB

Protein source
Protein recovery (mg
g�1 Ni-MNPs or Ni-NTA)

DspB
(U g�

0.5 mL cell lysatec 0.71 � 0.01 (mg) 0.192
Ni-FS-TED 8.37 � 0.49 6.35
Ni-FS-IDA 35.76 � 1.68 28.51
Ni-FS-ECH-IDA 35.61 � 2.38 27.60
Commercial Ni-NTA 36.26 � 1.68 25.25

a DspB activity (Umg�1)¼DspB activity recovery (U g�1)/protein recovery (m
PAGE gel. c Total amount of proteins (mg) or DspB activity (U) from 0.5 c

Fig. 5 Ni-MNPs based affinity purification of DspB. Accumulative elution
amount of Ni-MNPs (Panel B), Ni-MNPs adsorption capacity for DspB (P

11530 | RSC Adv., 2020, 10, 11524–11534
washing, Ni-MNPs were subjected to elution with imidazole at
stepwise gradient concentrations (Fig. 5, Panel A). Over 60% of
DspB bound to Ni-FS-TED MNPs was eluted when increasing
imidazole concentration from 0 to 20mM and over 90% of DspB
was eluted when increasing imidazole concentration up to
100 mM. As to DspB bound to Ni-FS-IDA or Ni-FS-ECH-IDA
MNPs, the imidazole concentration had to be increased to up
to 500mM to accomplish DspB elution. DspB recovery as well as
activity aer purication by Ni-MNPs was compared with that
puried by commercial Ni-NTA. DspB puried by Ni-MNPs with
IDA on surface exhibited similar protein recovery but higher
activity than that by commercial Ni-NTA (Table 1). Ni-MNPs
with TED on surface exhibited the lowest efficiency in recov-
ering protein as well as activity. In terms of activity, DspB
proteins puried by Ni-MNPs were higher than that puried by
activity recovery
1 Ni-MNPs or Ni-NTA)

DspB activitya

(U mg�1)
DspB purityb

(%)

� 0.004 (U) 0.27 � 0.01 —
� 0.16 0.76 � 0.04 94.3
� 0.88 0.80 � 0.02 92.7
� 0.47 0.78 � 0.05 91.2
� 0.49 0.70 � 0.02 85.5

g g�1). b DspB purity was determined by densitometric scanning of SDS-
ell lysate was assayed and used for comparison.

of DspB under stepwise gradient elution (A), yield of DspB by different
anel C), and reusability of Ni-MNPs for DspB purification (Panel D).

This journal is © The Royal Society of Chemistry 2020
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commercial Ni-NTA, implying better biocompatibility of Ni-
MNPs in purifying DspB than commercial Ni-NTA.

The yield and binding capacity of Ni-MNPs was examined.
When increasing the amount of Ni-MNPs for protein purica-
tion from 1.0 mg to 25.0 mg, the total amount of eluted DspB
was increased along with decreases of adsorption capacity of Ni-
MNPs (Fig. 5, Panels B and C). This indicates that the adsorp-
tion capacity of MNPs relies on its ratio to proteins. Reusability
of Ni-MNPs in purifying his-tagged DspB was also examined
(Fig. 5, Panel D). Aer completing each round of protein puri-
cation, Ni-MNPs were washed with 50 mM PBS, 500 mM NaCl,
and 5 mM imidazole, pH 8.0, and then chelated with Ni(II) ions.
Aer six cycles, Ni-MNPs remained reasonable activity in puri-
fying DspB with slightly decreases in binding capacity.

In summary, Ni-MNPs acquired in this study exhibited
improved biocompatibility in purifying native proteins than
Fig. 6 Enzymatic activity of Ni-MNPs immobilized DspB. Effects of temp
D) on activities of DspB before and after immobilization on Ni-MNPs.

Table 2 Kinetic parameters of free and immobilized DspB

DspB samples Km (mM) Vmax (mM min�1)

Before
immobilization

48.7 0.13

Ni-FS-TED 21.6 0.04
Ni-FS-IDA 32.7 0.20
Ni-FS-ECH-IDA 34.1 0.30

This journal is © The Royal Society of Chemistry 2020
that of commercial Ni-NTA. Ni-MNPs with IDA on surface were
with higher protein recovery than that with TDA on surface.
3.4 The use of Ni-MNPs as carriers for his-tagged enzymes

Immobilization of enzymes is advantageous in improving
stability and activity of enzymes under various conditions,
facilitating to recycle and reuse of enzymes, etc. Kinetic char-
acteristics of DspB activity were analyzed before and aer
immobilization (Table 2). There was decreases of the Michaelis
constant (Km) value aer immobilization of DspB on Ni-MNPs,
indicating improved interactions between substrate and DspB
aer binding on Ni-MNPs. This may be due to that there was
conformational changes of DspB aer immobilization to make
it more accessible to substrates.79 It is also possible that the
negative charged surface of Ni-MNPs makes it more accessible
of immobilized enzyme than free enzyme to the positive
charged substrate 4-nitrophenyl-N-acetyl b-D-glucosaminide
(pKa 12.76) in reaction mixture (pH 6.0). This leads to increased
affinity of immobilized DspB to substrate and reduced apparent
Michaelis constant of DspB on Ni-MNPs.

Decrease of maximum reaction rate (Vmax) was observed
when DspB binding on Ni-FS-TED MNPs, indicating TED
modied surface might have adverse effect on activity of DspB.
Increases of Vmax were detected when DspB binding on Ni-FS-
IDA or Ni-FS-ECH-IDA MNPs, indicating a better compatibility
of these two types of Ni-MNPs for immobilizing DspB.
erature (Panel A), pH (Panel B), storage time (Panel C) and reuses (Panel

RSC Adv., 2020, 10, 11524–11534 | 11531
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Temperature is critical in practical applications of enzymes.
In the present study, effects of temperature on protein immo-
bilization were explored by measuring the activity and thermal
stability of immobilized DspB (Fig. 6, Panel A). The optimal
temperature was observed as 40 �C for enzymatic activity of
DspB before and aer immobilization. It was noticed that DspB
on Ni-FS-ECH-IDA MNPs had a broad range of optimal
temperature from 30 �C to 40 �C and DspB on Ni-FS-TED MNPs
retained almost half of its highest activity on 60 �C.

The activity of immobilized DspB was also tested between pH
4.0 and 8.0 at 40 �C (Fig. 6, Panel B). The optimum pH for DspB
with the highest activity shied from pH 5.0 to pH 5.5 aer
immobilization. This was due to that negatively charged
carboxyl groups on the surface of Ni-MNPs would absorb
protons and lead to an acidic microenvironment that facilitates
the function of DspB. Therefore, the reaction mixture was not
necessary to be that acidic as for un-immobilized DspB. This
also contributed to relatively higher activity of immobilized
DspB than un-immobilized one as pH was increased.

Storage of immobilized DspB was tested (Fig. 6, Panel C). It
was observed that Ni-FS-ECH-IDA MNPs retained relatively high
activity in adsorbing DspB for 21 days. While the other two types
of Ni-MNPs only exhibited limited effects in retaining activity in
adsorbing DspB. Therefore, Ni-FS-ECH-IDA MNPs might be the
best in limiting the free moves and conformational changes of
DspB, as well as reducing the autolysis of DspB.79,80

One of the most prominent features of immobilized enzymes
is the reusability that is of great importance in practical appli-
cations. In the present study, the reusability of immobilized
DspB was examined by repeating activity assay, magnetic
separation, and wash with PBS (Fig. 6, Panel D). The activity of
immobilized DspB reduced aer washing and reusing. This
might be due to denaturation or shedding of the immobilized
enzyme during recycling course.78,81 The performance of Ni-FS-
IDA and Ni-FS-TED MNPs in DspB reusability is better than
that of Ni-FS-ECH-IDA MNPs.

In summary, Ni-MNPs as enzyme carriers for DspB exhibited
good compatibility and reasonable reusability as well as
improving the performance of DspB in various conditions.
4 Conclusions

In the present study, three types of MNPs with IDA or TED
modied surface were synthesized through a two step prepa-
ration approach by synthesizing ligands for chelating metal
ions and preparing magnetic cores simultaneously, and fol-
lowed by graing ligands on the surface of magnetic cores. As
prepared MNPs were chelated with Ni(II) ions and exhibited
reasonable size distribution, dispersity, surface charge, and
magnetic properties.

Specic interactions were conrmed between his-tagged
proteins and Ni-MNPs. The rate of protein adsorption on Ni-
MNPs may be related to the number of coordination sites of
Ni(II) ions on the surface.

Ni-MNPs exhibited improved performance in purifying
native proteins than commercial Ni-NTA in terms of
11532 | RSC Adv., 2020, 10, 11524–11534
biocompatibility. Ni-MNPs with IDA modied surface were with
higher protein recovery than that with TED modied surface.

Immobilization of DspB on Ni-MNPs facilitated the function
of DspB in several ways. Electrostatic attraction between Ni-
MNPs and 4-nitrophenyl-N-acetyl b-D-glucosaminide (pKa

12.76) made the substrates were more accessible to immobi-
lized DspB. Immobilization of DspB on Ni-MNPs made DspB
more stabile under various conditions including temperature,
pH, and storage period. However, the activity of immobilized
DspB reduced aer several rounds of reuses.
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