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a b s t r a c t

Oriented immobilization of enzymes helps to maintain their native structure and proper orientation for
high-performance engineering to meet extensive biocatalysis demands. However, the supporting mate-
rials used for orientated immobilization are usually costly or complicated in preparation, affecting their
practical applications. In this work, a facile purification and immobilization method was proposed for
enzyme immobilization based on organic–inorganic hybrid calcium phosphate nanocrystal (CaPs)
induced by Cu2+ modified bovine serum albumin (BSA-Cu). Then, the as-prepared hybrid calcium phos-
phate nanosheet, BSA-Cu@CaPs, was utilized for one-pot purification and immobilization of His-tagged
organophosphorus hydrolase (OPH) by metal-affinity binding to the incorporated BSA. BSA-Cu@CaPs-
OPH exhibited enhanced pH stability and thermal stability compared to the free enzyme. Moreover,
BSA-Cu@CaPs-OPH could retain more than 75% and 56% of initial activity after reuse 5 and 10 times,
respectively. The results demonstrated that this facile strategy was promising for the effective biodegra-
dation of organophosphorus pesticides with the immobilized enzyme.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Organophosphates (OPs) have been widely applied as pesticides
in agriculture, however, the residual pesticides accumulated in the
food chain exhibit a serious threat to the environment and human
health [1]. Organophosphorus hydrolase (OPH) is a promising
enzyme to detoxify OPs and has been extensively utilized to hydro-
lyze organophosphorus compounds due to its excellent efficiency
and mild reaction conditions [2]. Nonetheless, poor stability and
high cost of free enzyme restricted its large-scale applications. To
date, multifarious methods have been developed for OPH immobi-
lization such as physical adsorption or covalent coupling to the
Supplementary Material and encapsulation in networks [3–6].
However, the random orientation of the immobilized enzyme
molecules by these methods indicates that apparent enzyme activ-
ity might be inhibited due to the wrong combination (namely, the
amino acid residues that act as the ‘‘active center” are involved in
enzyme-carrier conjugation) [7] or improper orientations of
enzyme molecules [8]. Besides, the initial enzyme solution used
for immobilization usually is often purified in advance to reduce

side reactions catalyzed by other enzymes, illuminating a time-
consuming and expensive pre-purification process. Hence, a speci-
fic and efficient enzyme immobilization strategy that allows direct
and orientated immobilization of the target enzymes from cell
lysates is highly desired.

In recent years, affinity tags have emerged as an effective tool
for recombinant protein purification [9]. Among them, the polyhis-
tidine affinity tag, known as His-tag, is the most widely used
because of its minimal effects on the transcription, translation
and expression of the target protein, and strong affinity interaction
with chelated transition metal ions (e.g., Ni2+, Cu2+, and Co2+) [10],
which endows the immobilized metal-iron affinity chromatogra-
phy with high binding specificity, mild purification conditions,
and simple purification steps [11]. Hence, enzyme immobilization
methods based on His-tag could allow simultaneous purification
and orientated immobilization of the enzyme from cell lysates
simultaneously, thus avoiding pre-purification and enzyme denat-
uration. Igor and coworkers fabricated a hybrid nanoparticle
peptide-DNA scaffolded architectures by modifying a semiconduc-
tor quantum dot (QD) with peptide-DNA linkers for the immobi-
lization of His-tagged phosphotriesterase [12]. Jiang and
coworkers employed Ni-nitrilotriacetic acid-modified virus-like
mesoporous silica nanoparticles [13], Fe-based metal–organic
framework, MIL-88A [14], and yolk-shell Co/C@SiO2@Ni/C
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nanoparticles [15] as the carriers for selective oriented immobi-
lization of His-tagged organophosphohydrolase from Agrobac-
terium radiobacter P230. These studies strongly prove the
efficiency of the oriented enzyme immobilization strategy based
on His-tag. However, the aforementioned Supplementary Material
are often costly or fabricated via complicated processes, which
restrain their extensive applications in enzyme immobilization
and the degradation of organophosphorus pesticides. Thus, it
deserves to develop a versatile and green matrix material for puri-
fying and immobilizing His-tagged OPH protein.

Calcium phosphate nanocrystal (CaPs), as the main inorganic
component of animal bones, owns great biocompatibility and oper-
ational stability, simple preparation, and low price [16]. These
characteristics make CaPs a promising matrix candidate in the
development of enzyme immobilization. Recent studies have
employed CaPs as the supporting matrix for enzymes, such as
lipase [17], phytase [18], xylanase [19], and b-Glucosidase [20].
Herein, by in situ encapsulating bovine serum albumin (BSA)
derivatives in CaPs via biomimetic mineralization, a CaPs-based
organic–inorganic hybrid material, BSA-Cu@CaPs, was designed
and fabricated for simultaneous purification and orientated immo-
bilization of His-tagged OPH from the cell lysates due to the Cu2+

ion binding to the incorporated BSA. In addition, BSA-Ni@CaPs
and BSA-induced copper phosphate nanocrystal (BSA@CuPs) were
also synthesized for comparison. The great biocompatibility of
CaPs allows the immobilized OPH on BSA-Ni@CaPs and BSA-
Cu@CaPs to maintain activity. Finally, the immobilized His-
tagged OPH was applied for the enzymatic degradation of methyl
parathion (MP).

2. Material and Methods

2.1. Materials

BSA, iminodiacetic acid (IDA), 1,4-butanediol diglycidyl ether,
Coomassie brilliant blue G-250, alcohol, phosphoric acid, NaOH,
and hydroxyethyl piperazine ethanesulfonic acid (HEPES) were
obtained fromSigma-Aldrich (NewYork,USA). CaCl2, CuCl2, Cu(CH3-
COO)2, Ni(CH3COO)2�H2O, iminazole, and4-nitrophenol (4-NP)were
purchased from Heowns (Tianjin, China). MP was received from Dr.
Ehrenstorfer GmbH (Augsburg, Germany). Other chemicals were all
of the highest purity available from local sources.

2.2. Synthesis of metal ion-modified BSA

BSA modified by IDA (BSA-IDA) was first synthesized as the pre-
vious report with some modifications [21]. BSA was modified by
IDA with 1,4-butanediol diglycidyl ether as a linker to realize the
reaction between the epoxy group and amine or imino group. In
detail, 0.22 ml 1,4-butanediol diglycidyl ether was slowly added
to the BSA solution at a concentration of 10 mg�ml�1 in 0.2 mol�L�1

borate buffer (pH 9.0). The reaction mixture was kept at 37 �C in a
water bath. After 12 h reaction, the unreacted ether was removed
by dialyzing with 0.2 mol�L�1 borate buffer (pH 9.0). Then, 0.4 g
IDA was added to the intermediate product solution. After reaction
at 37 �C for 24 h, the product solution was dialyzed using water to
remove the uncombined IDA. Finally, excess Cu(CH3COO)2 or Ni
(CH3COO)2�H2O was added into the reaction system. After 1 h
incubation at 25 �C, the product solution was dialyzed with water
to remove the free Cu2+. The obtained BSA derivatives were dried
under vacuum for 48 h, which were marked as BSA-Cu and
BSA-Ni, respectively. Zeta potentials of BSA and its derivatives
were measured on a Zetasizer Nano Malvern Instruments
(Worcestershire, U.K.).

2.3. Synthesis and characterization of CaPs and CuPs

The CaPs materials induced by BSA, BSA-Ni, and BSA-Cu
(marked as BSA@CaPs, BSA-Ni@CaPs, and BSA-Cu@CaPs) were syn-
thesized according to the literature with slight modifications [22].
In a typical procedure, 100 ll of CaCl2 solution (200 mmol�L�1) was
added into BSA, BSA-Ni, or BSA-Cu solution at a concentration of
0.1 mg�ml�1 in 10 mmol�L�1 PB (pH 7.4). After incubation at 4 �C
for 48 h, the resulting precipitates were collected, washed, and
dried under vacuum for 48 h. BSA@CuPs was synthesized by
replacing CaCl2 with CuCl2 and induced by pristine BSA following
the procedure described in literature [23]. Scanning electron
microscopy (SEM) images and energy-dispersive X-ray (EDX) anal-
ysis of BSA-Ni@CaPs, BSA-Cu@CaPs, and BSA@CuPs were recorded
on a Hitachi S4800 microscope (Tokyo, Japan). Transmission elec-
tron microscopy (TEM) micrographs of these samples were
obtained with a Jeol JEM-2100 microscope (Tokyo, Japan). Their
X-ray diffraction (XRD) patterns were recorded using a Bruker
D&advance X-ray diffractometer (Billerica, USA). Fourier transform
infrared spectroscopy (FT-IR) spectra were measured with a Perkin
Elmer Spectrum 100 spectrometer (Wellesley, USA).

2.4. Purification and immobilization of OPH

Recombinant OPH with His-tag from Pseudomonas diminutawas
expressed in E. coli Rosetta (DE3) harboring the plasmid pET-20b,
and the crude OPH and pure OPH solutions were prepared as a pre-
vious report [24]. The fabrication of BSA-Cu@CaPs-OPH was pre-
sented in detail as representation only. BSA-Cu@CaPs (5 mg) was
dispersed in 1 ml of 50 mmol�L�1 HEPES buffer (pH 8.5) and mixed
with 1 ml of crude enzyme solution. The obtained mixture was
incubated at 4 �C for 1 h. The precipitate was obtained by centrifu-
gation and washed five times with 50 mmol�L�1 HEPES buffer (pH
8.5) containing 500 mmol�L�1 NaCl to remove the protein adsorbed
on carriers by electrostatic adsorption and weak interactions.
Finally, the precipitate was dried under vacuum for 24 h. The
enzyme loading was determined by the Bradford assay method.
The preparation of BSA@CaPs-OPH, BSA-Ni@CaPs-OPH, and
BSA@CuPs-OPH was following the same methods. Then, immobi-
lized OPH was washed with 50 mmol�L�1 HEPES buffer (pH 8.5)
containing 500 mmol�L�1 imidazole to release the bounded OPH,
and the collected enzyme solutions were analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Non-His-tagged OPH was expressed and the crude OPH was incu-
bated with these hybrid carriers for OPH immobilization following
the same procedure as in the preparation of BSA-Ni@CaPs-OPH and
BSA@CuPs-OPH.

2.5. Activity assay and stabilities of free and immobilized OPH

The hydrolysis activities of free OPH, BSA@CaPs-OPH, BSA-
Ni@CaPs-OPH, BSA-Cu@CaPs-OPH, and BSA@CuPs-OPH were
investigated by the same methods. The activities measurement of
BSA-Cu@CaPs-OPH was presented in detail as representation only.
The activity of BSA-Cu@CaPs-OPH was assayed in 50 mmol�L�1

HEPES buffer (pH 8.5) containing 0.38 mmol�L�1 MP. After reacting
for 1 min, trichloroacetic acid solution (10% (mass)) was utilized to
terminate the enzymatic reaction. The mixture was separated by
centrifugation (10000 g, 1 min) and the absorbance of the super-
natant containing 4-NP was measured at 410 nm by a spectropho-
tometric method. One unit of OPH activity was defined as the
enzyme mass that produced 1 lmol of 4-NP per minute. The
Michaelis-Menten kinetic parameters were determined by mea-
suring the activities of free and immobilized OPH using MP as sub-
strate (0.038–0.38 mmol�L�1). The enzymatic hydrolysis could be
expressed by the Michaelis-Menten equation Eq. (1),
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v ¼ Vmax½S�=ðKm þ ½S�Þ ð1Þ
where v denotes the initial hydrolysis rate, Vmax is the maximum
hydrolysis velocity, Km is the Michaelis-Menten constant, [S] repre-
sents MP concentration. Besides, kcat was calculated by using Eq. (2).

kcat ¼ Vmax=½E� ð2Þ
where [E] represents OPH concentration.

The thermal stability of the free OPH and immobilized OPH was
investigated by incubating them for 1 h in 50 mmol�L�1 HEPES buf-
fer (pH 8.5) at 25–70 �C. Their pH tolerance was determined by
immersing the samples for 1 h in 50 mmol�L�1 PB buffer (pH 6–
8) or 50 mmol�L�1 glycine-NaOH buffer (pH 9–10.5) at 25 �C,

respectively. To investigate the repeatability of immobilized OPH,
after measuring the initial activity assay, the reaction mixture
was centrifuged and the obtained precipitation was washed three
times. After centrifugation, the obtained catalyst was used in the
next degradation cycle under the same conditions.

3. Results and Discussion

3.1. Characterization of carriers and immobilized OPH

The modification methods of BSA with Ni2+ and Cu2+ were
shown in Fig. 1. Zeta potential values of BSA and its derivatives

Fig. 1. Synthetic routes for the modification of BSA with IDA and metal ions (M2+ = Ni2+ or Cu2+).

Fig. 2. (a) Zeta potentials of BSA and their derivatives. XRD patterns of (b) BSA-Ni@CaPs, BSA-Cu@CaPs, and (c) BSA@CuPs.
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were measured, as depicted in Fig. 2(a). The native BSA exhibited
negative charges due to its isoelectric point of 4.7, while BSA-IDA
displayed a lower zeta potential than that of pristine BSA after
IDA modification. The decrease was due to the presence of two car-
boxyl groups in IDA that was modified on the BSA surface, suggest-
ing successful chemical modifications of the protein. After
incubation with Ni2+ and Cu2+, the resulted proteins showed
slightly decreased zeta potential (Fig. 2(a)), resulting from effective
binding between BSA-IDA and metal ions.

Then, hybrid organic–inorganic nanosheets were prepared
using pristine or modified BSA as the organic components and CaPs
or CuPs as the inorganic components. As illustrated in Fig. S1 (Sup-
plementary Material), SEM images of BSA-Ni@CaPs, BSA-Cu@CaPs,
and BSA@CuPs show the morphology of nanosheets. As shown in
Fig. 2(b) and 2(c), XRD patterns of these nanocomposites matched
well with the crystal pattern from Ca(HPO4)2�2H2O (JCPDS 72-
0713) [25] or Cu3(PO4)2�3H2O (JCPDS 00-022-0548) [26]. Moreover,
the sharp and strong peaks of these samples (Fig. 2(b) and 2(c))
indicated that the hybrid nanosheets were well crystallized after
the incorporation of BSA or its derivatives. The elemental composi-
tions of BSA-Ni@CaPs, BSA-Cu@CaPs, and BSA@CuPs were exhib-
ited in Fig. S2. The results of elemental mapping validated the
presence of Ca(HPO4)2�2H2O or Cu3(PO4)2�3H2O components in
the corresponding hybrid materials. As depicted in Fig. S3(a),

BSA-Ni@CaPs, BSA-Cu@CaPs, and BSA@CuPs were identified to
show type-IV N2 adsorption isotherms with obvious hysteresis
loops, suggesting the existence of mesoporous structures [27].
Their BET surface area increased in the order of BSA-Ni@CaPs < BS
A-Cu@CaPs < BSA@CuPs (Fig. S3(b)), while Fig. S3(c) further con-
firms the mesoporous structures (pore diameter >2 nm) in these
samples.

The FT-IR spectroscopy provided direct proofs for the prepara-
tion of the hybrid organic–inorganic nanosheets and OPH immobi-
lization on the hybrid materials. As shown in Fig. 3. The PAO
vibrations and stretches were observed at 559 and 630 cm�1,
995 and 1030 cm�1, respectively, indicating the existence of phos-
phate groups. The vibration bands at 1534 cm�1 and 1652 cm�1

were attributed to the amide I and amide II bands of the incorpo-
rated BSA or modified BSA, which proved that BSA molecules were
incorporated by the self-assembly of protein and inorganic ligand
(Fig. 3). The obviously enhanced peaks around 1534 cm�1 sug-
gested successful OPH immobilization on these hybrid carriers
(Fig. 3(a)–(c)).

To verify the selectivity of the immobilization process, excess
iminazole solution (500 mmol�L�1) was utilized to elute the
adsorbed OPH by affinity interaction. SDS-PAGE analysis (Fig. 4)
showed that His-tagged OPH could be directly and selectively sep-
arated from the crude enzyme solution and immobilized on BSA-

Fig. 3. FT-IR spectra of (a) BSA-Ni@CaPs and BSA-Ni@CaPs-OPH, (b) BSA-Cu@CaPs and BSA-Cu@CaPs-OPH, (c) BSA@CuPs and BSA@CuPs-OPH.
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Ni@CaPs, BSA-Cu@CaPs, and BSA@CuPs due to the high affinity of
histidine toward Ni2+ or Cu2+. Moreover, the contribution of elec-
trostatic adsorption on enzyme immobilization was minimized
by washing the obtained BSA-Ni@CaPs-OPH, BSA-Cu@CaPs-OPH,
and BSA@CuPs-OPH with 50 mmol�L�1 HEPES buffer (pH 8.5) con-
taining 500 mmol�L�1 NaCl. The obtained BSA@CaPs-OPH did not
exhibit loading of His-tagged OPH (data not shown), demonstrat-
ing that no His-tagged OPH was bounded on BSA@CaPs. Non-His-
tagged OPH was also expressed and the crude OPH was incubated
with these hybrid carriers. However, no OPH was successfully
immobilized on BSA-Ni@CaPs, BSA-Cu@CaPs, and BSA@CuPs (data
not shown). Therefore, BSA-Ni@CaPs, BSA-Cu@CaPs, and BSA@CuPs
could be utilized for one-step purification and immobilization of
His-tagged proteins as expected.

3.2. Catalysis performances of the free and immobilized OPH

Table S1 shows the enzyme loading and relative activities of
immobilized OPH with different carriers. The OPH loading of
BSA@CuPs-OPH was higher than BSA-Ni@CaPs-OPH and BSA-

Cu@CaPs-OPH, which might be attributed to the higher metal con-
tent on the carrier’s surface (Fig. S2) and higher BET surface area
than BSA-Ni@CaPs and BSA-Cu@CaPs (Fig. S3(b)), suggesting more
immobilization sites for His-tagged OPH. Nevertheless, the reactive
activity of BSA@CuPs-OPH was much lower than those of BSA-
Ni@CaPs-OPH and BSA-Cu@CaPs-OPH.

Kinetic parameters of free and immobilized OPH with MP were
investigated. As depicted in Table 1, the Km values of BSA-Ni@CaPs-
OPH and BSA-Cu@CaPs-OPH were lower than that of free OPH,
while the Km value of BSA@CuPs-OPH was higher than that of free
OPH. It indicated that BSA-Ni@CaPs-OPH and BSA-Cu@CaPs-OPH
owned higher substrate affinity compared to free OPH and
BSA@CuPs-OPH. However, all the immobilized OPH showed lower
kcat and kcat/Km than free OPH. The reason might be that negative
conformation changes occurred in OPH protein after immobiliza-
tion on the carriers, thus decreasing the enzyme activity.

The thermal stability of free and immobilized OPH was then
evaluated. As depicted in Fig. 5(a), the residual enzymatic activity
decreased with the increasing incubation temperature for both the
free and immobilized OPH, while BSA-Cu@CaPs-OPH showed bet-
ter thermal stability than other catalysts. Notably, the residual
activity of free OPH, BSA-Ni@CaPs-OPH, and BSA@CuPs-OPH
decreased below 20%, 30%, and 5% at 60 �C, respectively, while
BSA-Cu@CaPs-OPH exhibited higher residual activity (over 60%)
than the above samples (Fig. 5(a)). It suggests that BSA-Cu@CaPs
was able to stabilize the enzyme and relieve the activity decline
at high temperatures.

The solution pH could significantly affect the enzyme activity
by altering the dissociation of the necessary groups of the active
center. As shown in Fig. 5(b), the relative activity of free OPH after
acid incubation was lower than that of the sample after alkaline
incubation, illustrating that OPH exhibited better tolerance to the
alkaline than the acid environment. Compared with free OPH, the
alkaline tolerance of the immobilized OPH was enhanced with
the aid of CaPs or CuPs (Fig. 5(b)), which might be attributed to
the abundant hydroxyl groups on the phosphate crystals, thus
resulting in a change in the microenvironment of the enzyme
molecule. It should also be mentioned that BSA-Cu@CaPs-OPH
showed improved both acid and alkaline tolerance (Fig. 5(b)),
which demonstrated the stabilization effect of BSA-Cu@CaPs on
the conformation of the enzyme protein.

The reusability of immobilized enzyme is critical for their
industrial applications. As presented in Fig. 5(c), the residual activ-
ities of BSA-Ni@CaPs-OPH, BSA-Cu@CaPs-OPH, and BSA@CuPs-OPH
after repeat uses were measured. After being reused 5 times, BSA-
Ni@CaPs-OPH and BSA-Cu@CaPs-OPH maintained more than 60%
of their original activity after five cycles, while the residual activity
of BSA@CuPs-OPH decreased to �20% (Fig. 5(c)). After repeated use
10 times, the residual activity of BSA-Cu@CaPs-OPH enzyme activ-
ity was still 56.77% (Fig. 5(c)). The above results proved that BSA-
Cu@CaPs was conducive to improving the stability of the immobi-
lized OPH against extreme conditions and BSA-Cu@CaPs-OPH
would be a good nanobiocatalyst for the biodegradation of
organophosphorus pesticides.

Fig. 4. SDS-PAGE analysis. Lane M, marker; lane 1, crude cell lysate; lane 2, eluted
protein from BSA-Ni@CaPs-OPH; lane 3, eluted protein from BSA-Cu@CaPs-OPH;
lane 4, eluted protein from BSA@CuPs-OPH. Elution was done with 500 mmol�L�1

imidazole in 50 mmol�L�1 HEPES buffer (pH 8.5).

Table 1
Kinetic parameters for free and immobilized OPH

Vmax/mmol�L�1�s�1 Km/mmol�L�1 kcat/min�1 (kcat/Km)/L�min�1�mmol�1

OPH 16.91 0.54 6362 11822
BSA-Ni@CaPs-OPH 50.23 0.33 2700 8171
BSA-Cu@CaPs-OPH 36.08 0.35 1767 5004
BSA@CuPs-OPH 17.62 1.38 525 380

Note: Reaction conditions is 0.25 lmol�L�1 OPH in 50 mmol�L�1 HEPES buffer (pH 8.5), 25 �C.
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4. Conclusions

In summary, BSA-Ni@CaPs, BSA-Cu@CaPs, and BSA@CuPs were
synthesized via biomimetic mineralization method and employed
for the direct and orientated immobilization of His-tagged OPH
from cell lysates without any pre-purification based on the affinity
between the His-tagged OPH and Ni2+ or Cu2+ on the surface of
hybrid phosphate nanocrystals. Among these immobilized
enzymes, BSA-Ni@CaPs-OPH and BSA-Cu@CaPs-OPH owned lower
Km values and higher affinity to the substrate than free OPH. BSA-
Cu@CaPs-OPH exhibited improved thermal and pH stability. More-
over, BSA-Cu@CaPs-OPH displayed higher stability in repeat uses
than BSA-Ni@CaPs-OPH and BSA@CuPs-OPH. These results sug-
gested that the hybrid CaPs nanocrystal, especially BSA-Cu@CaPs,
could be good candidates for facile purification and immobilization
of His-tagged enzymes with high activity and stability in extensive
applications.
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