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Abstract

A copper analogue of Prussian blue incorporated multienzyme system was successfully established via a biomimetic min-
eralization process, whereas CPB with peroxidase-like activity provided protecting effect for encapsulated glucose oxidase
from attack in hostile conditions. The hybrid composite was developed as a colorimetric biosensor for ultrasensitive detection
of glucose, with a low detection limit (0.48 pM).
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1 Introduction

Biological processes such as energy conversion, biosyn-
thesis, and detoxification occurring inside cells usually
involve cascade reactions, driven by the cooperation of
multiple enzymes located in compartments of subcellular
organelles [1]. The confined space enables the entrapment
and accumulation of intermediates and minimizes their
diffusion into the bulk solution, leading to an enhanced
catalytic efficiency of the multienzyme system [2]. Thus,
the in vitro synthesis of artificial multienzyme systems to
mimic the cascade reactions taking place in cells holds
great promise in the fields of biocatalysis [3, 4], biosensing
[5], pharmaceuticals [6], and others [7, 8]. Considerable
efforts have been made to develop multienzyme systems
by combining different enzymes, for example, using DNA
or protein scaffolds as bridges [9, 10]. However, the low
operational stability, sensitivity to environmental stress,
and difficult recycling of the enzyme have hindered the
wide application of this approach. Therefore, the develop-
ment of efficient strategies for the construction of highly
active and robust multienzyme catalytic systems is needed
[11,12].

Biomimetic mineralization [13—17] is a recently devel-
oped facile strategy for enzyme encapsulation, in which
biomacromolecules including proteins or nucleic acids
participate in and regulate the crystallization and for-
mation of inorganic materials, leading to the successful
encapsulation of target biomolecules inside them. The
formed inorganic material serves as a protecting shell for
the encapsulated biomacromolecules and shields them
from the attack of heat, organic solvents, and protease
from working conditions [18]. For example, metal-organic
frameworks (MOFs) have been employed for the encapsu-
lation of a large number of enzymes [19-21], antibodies
[22], DNA [23], and even cells [24]. The MOFs enabled
the encapsulated species to function under unfavorable
conditions and thus received considerable attention. Tak-
ing advantage of the catalytic activity of the supporting
inorganic material is expected to endow the encapsu-
lated species with additional functionalities and enable
new applications. However, this aspect has not been fully
investigated.

Prussian blue (PB) and PB cyanometalate structural
analogues (PBAs), composed of Fe3+, Fe2* or other metal
ions and bridging cyano groups, are representative coor-
dinative polymers with three-dimensional (3D) networks
[25-27]. PB and PBAs typically possess a face-centered
cubic crystal structure with Fm3m space group, in which
the transition metal ions are linked together through
cyanide ligands [28]. It has been reported that PB and
PBAs with special composition and structure possess

@ Springer

peroxidase-like activity. Inspired by the biomimetic miner-
alization and facile synthesis conditions of PB and PBAs,
which are compatible with biomolecules, we anticipate
that the intrinsically stable structure of the PBAs may
endow a natural enzyme with enhanced stability upon
its successful combination with the inorganic host. How-
ever, artificial multienzyme systems containing PBAs and
natural enzymes constructed via biomimetic mineraliza-
tion have not yet been investigated. These systems would
further expand the scope of PBAs and natural enzymes
in biocatalysis or biosensing. Thus, this study aimed to
explore the feasibility of constructing a hybrid multien-
zyme system and its potential applications.

The detection of the glucose concentration is vital in
many fields, such as medical diagnosis, food quality control,
and fermentation [19, 29]. The diagnosis and monitoring of
diabetes rely on the detection of glucose levels in blood and
urine. Thus, the development of a sensitive glucose sensor is
essential for practical applications. The conventional detec-
tion of glucose involves two separate steps: glucose is first
oxidized to generate hydrogen peroxide, which then reacts
with a chromogenic substrate under peroxidase catalysis
to generate detectable signals. However, the instability of
hydrogen peroxide and its diffusion as intermediate into the
bulk solution leads to a low sensitivity of this assay.

In this study, a copper analogue of Prussian blue (CPB)
with peroxidase-mimic activity was chosen as a support-
ing matrix for the in situ encapsulation of glucose oxi-
dase (GOx), to construct an artificial multienzyme system
(denoted as GOx@CPB, @ denotes the encapsulation of
GOx in CPB) via biomimetic mineralization. This CPB-
mediated multienzyme system was capable of catalyzing
the cascade reaction of glucose oxidation and generating
detectable signals in a one-pot reaction with high efficiency,
which enables the detection of low glucose concentrations.
Moreover, the GOx@CPB system exhibited enhanced stor-
age stability and reusability compared to the free enzyme.
The encapsulated GOx exhibited improved stability under
unfavorable conditions such as organic solvents or denatur-
ing and proteolytic agents, which resulted from the protec-
tion of the external CPB shell. This strategy enables the
successful construction of an artificial multienzyme system
composed of natural enzymes and enzyme mimics, and pro-
vides new opportunities for the investigation of cooperative
effects of chemo-catalysts and natural biocatalysts.

2 Materials and Methods
2.1 Materials

Potassium ferricyanide (K;[Fe(CN)g]), ferrous chlo-
ride (FeCl,), cupric chloride dihydrate (CuCl,-2H,0),
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dimethylsulfoxide (DMSO), sodium dodecyl sulfate (SDS),
glucose, fructose, galactose, arabinose, mannose, xylose,
sucrose, sucrose and hydrogen peroxide (30 wt%) were
purchased from Guangzhou chemical reagent factory. 3,
3', 5, 5'-tetramethylbenzidine (TMB) and 2,2'-Azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) were purchased from Sigma-Aldrich. Glucose oxi-
dase (GOx), horseradish peroxidase (HRP) and papain were
obtained from Sangon Biotech (Shanghai) Co., Ltd. All of
the reagents were used as received.

2.2 Preparation of CPB and GOx@CPB

CPB was prepared through the following method. In a typi-
cal reaction system, 2.5 mL of aqueous solution contain-
ing 5 mM of FeCl, and 2.5 mM of CuCl, was incubated at
60 °C for 5 min and then cooled down to room temperature
(25 °C). 2.5 mL of K;[Fe(CN),] solution (5 mM) was added
into the above solution under stirring (200 rpm) and reacted
at room temperature for 5 min. The obtained material was
separated by centrifugation (12,000 rpm, 1 min) and then
washed with DI water for 3 times. The synthesis of GOx
encapsulated inside CPB (GOx@CPB composite) followed
the similar procedure, except for GOx (0.5 mg) was added
to the cooled down solution of FeCl, and CuCl,. Following
the same preparation and washing process, sample of GOx @
CPB composite was prepared.

2.3 Enzymatic Activity Assay of GOx, CPB and GOx@
CPB Composite

The enzymatic activity of GOx was detected by measuring
the oxidation reaction rate of glucose. In a typical reaction,
50 pL of GOx aqueous solution (0.05 mg/mL) or equiva-
lent immobilized GOx was quickly mixed with 950 pL of
acetate buffer (pH 4.5, 50 mM) containing 100 mM of glu-
cose, 5 mM of ABTS and 0.05 mg/mL of HRP to initiate
the reaction. The increase of absorbance at 415 nm within
1 min was recorded by the UV-Vis spectrophotometer
(Shimadzu, UV-2550) and the initial activity was defined
as enzymatic activity. Meanwhile, the mimetic peroxidase
activity of CPB was determined by measuring the decompo-
sition rate of hydrogen peroxide with ABTS as the hydrogen
donor. In this case, 50 pL of CPB dispersion was added into
950 pL acetate buffer containing H,0, (10 mM) and ABTS
(5 mM) to start the reaction. The increase of absorbance of
the reaction solution at 415 nm was monitored immediately
after catalyst was added. The experiment was done inde-
pendently in triplicate. The error bars in this study were
obtained by calculating the standard deviation of results of
parallel experiments.

The activity of GOx@CPB composite was measured
as follows. GOx@CPB composite dispersion (50 pL) was

added into 950 pL of acetate buffer containing 100 mM of
glucose and 5 mM of ABTS to catalyze the cascade reac-
tion. The increase of absorbance at 415 nm was measured
and the reaction rate was calculated. Moreover, by fitting of
Michaelis—Menten equation, the catalytic constants such as
K., V. Were calculated. Michaelis—Menten equation is as
follows.

[S]

Vo=V, —1
0 mame+[S]

V, stands for the initial reaction velocity and V ,, represents
the maximal reaction velocity. [S] stands for the substrate
concentration.

2.4 Limit of Detection of GOx@CPB Composite

The limit of detection of GOx@CPB composite was inves-
tigated as following: 50 pL of GOx@CPB composite
(0.05 mg/mL) solution was added to 950 pL of acetate buffer
containing TMB (1.2 mM) and gradient concentration of
glucose (0.5, 1, 5, 10, 15, 20, 40, 60, 80, 100 pM) to start
the reaction, the variation of absorbance at 635 nm in 60 min
was determined.

2.5 Substrate Selectivity of GOx@CPB Composite

To investigate the specificity of glucose detection with
GOx@CPB, fructose, galactose, arabinose, xylose, man-
nose, maltose and sucrose were applied as substrates for the
catalytic process. 50 pL of GOx@CPB composite suspen-
sion (0.05 mg/mL) was added to 950 pL of acetate buffer
containing TMB (1.2 mM) and the aforementioned saccha-
rides (3 mM), with concentration were ten times of glu-
cose under identical detection. The increased absorbance
at 635 nm after 60 min reaction was measured on a UV/Vis
spectrophotometer. The experiment was done independently
in triplicate.

3 Results and Discussion

3.1 Characterization of CPB and GOx@CPB

As shown in Scheme 1, in a typical experiment, an aqueous
solution of K;[Fe(CN)4] was added into a solution contain-
ing FeCl, and CuCl,, followed by gentle stirring for 5 min.
The obtained precipitate was denoted as CPB. PB has a
cubic structure with Fe?* and Fe®* cations on alternate cor-
ners of a cubic lattice of corner-sharing octahedra bridged
by linear C=N anions [27]. In the structure of CPB, part of
the Fe>* and Fe** cations are replaced by Cu®* ions, bridged
by linear C=N units. The preparation of the GOx@CPB
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Scheme 1 Schematic illustra-
tion of the preparation of CPB
and GOx@CPB
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composite followed a similar procedure, with the further
addition of GOx into the FeCl,/CuCl, solution.

Scanning electron microscopy (SEM) measurements were
carried out to inspect the morphology of CPB and GOx @
CPB. The SEM image in Fig. 1a shows that CPB exhibited
an irregular round shape and an average particle diameter
of 10 nm. After the introduction of GOx, the morphology
of the composite changed into a regular circular shape with
a particle diameter of approximately 20 nm (Fig. 1b). This
increase in particle size may be attributed to the accumu-
lation of metal ions by GOx during the biomimetic min-
eralization process. Moreover, as revealed by the energy-
dispersive X-ray spectroscopy (EDS) mappings in Fig. lc,
the distribution of C, N, Fe, and Cu in CPB particles was
uniform, confirming the successful incorporation of Cu into
the framework of PB.

The ultraviolet—visible (UV-Vis) spectrum of the
obtained CPB showed a shift in the peak at~740 nm com-
pared to the absorption peak of conventional Prussian blue
at 700 nm [30], which resulted from the introduction of Cu**
(Fig. 2a). After incorporation of GOX, this peak further
shifted to 745 nm, reflecting the interaction between GOx
and CPB during the biomimetic mineralization process.
To further characterize the chemical group composition of
CPB and GOx@CPB, Fourier transform infrared (FTIR)
spectroscopy measurements were carried out (Fig. 2b). The
absorption band located at 2070 cm™! could be attributed to
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the C=N stretching vibration of CPB and GOx@CPB. The
peaks at 433 and 593 cm™! resulted from the adsorption of
Cu—C=N and Fe—C=N, respectively. After the introduction
of GOx, we observed bands at 1540 and 1640 cm™! assigned
to amide II and amide I bonds, respectively, indicating the
successful incorporation of GOx in the composite. The load-
ing amount of GOx in the GOx@CPB composite was deter-
mined by thermogravimetric analysis (TGA) (Fig. 2c). The
20% weight loss between 30 and 100 °C was ascribed to the
evaporation of water. In the temperature range from 130 to
300 °C, CPB exhibited a 24.6% weight loss, corresponding
to its decomposition. On the other hand, an obvious weight
loss of 30.3% was observed for the GOx@CPB composite.
The apparent higher decomposition percentage indicated the
decomposition of GOx within this range, calculated to be
5.7 wt%. The encapsulation of GOx was quantified by meas-
uring the protein amount left in the supernatant immedi-
ately after the synthesis, which indicated an immobilization
efficiency of 100%. X-ray diffraction (XRD) patterns were
obtained to examine the crystal structure of CPB and its
change after incorporating GOx. The GOx@CPB compos-
ite exhibited peaks consistent with those of CPB (Fig. 2d),
suggesting that the incorporation of GOx did not alter the
crystallinity of CPB.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out to further investigate the chemical com-
position and electronic states of CPB and GOx@CPB
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Fig. 1 Microscopic morphol-
ogy and elemental distribution
of CPB and GOx@CPB. a and
b SEM images of CPB (a) and
GOx@CPB composite (b). ¢
EDS mappings of Cu, Fe, N,
and C elemental distributions
in CPB

(Fig. 3). The full spectra revealed the presence of C, N, Cu,
Fe, and O (Fig. 3a). The distinct and symmetrical peak at
397.4 eV in the high-resolution N 1 s spectrum (Fig. 3b)
reflects the unique chemical environment of N in CPB,
which was attributed to the C=N interaction. The peak at
397.6 eV, corresponding to the C=N group, was still present
after incorporation of GOx. The new peak at 399.1 eV was
ascribed to the amide group in GOx, suggesting the suc-
cessful encapsulation of GOx in the GOx@CPB composite.
The high-resolution Cu 2p;;, spectrum (Fig. 3c) displays
peaks at 932.8 and 935.6 eV, corresponding to the Cu* and
Cu?* oxidation states. Based on the calculated peak areas,
Cu™ accounted for a small portion of the copper content in
the composite. The appearance of Cu* in CPB implies that
some of the copper ions were reduced during the formation
of CPB. The spectrum of the GOx@CPB composite sam-
ple shows four peaks at 932.7, 952.5, 935.5, and 955.4 eV,
which were assigned to Cu* 2ps,,, Cu™ 2p, 5, Cu** 2p;,,
and Cu®* 2p, - respectively. The shift in binding energy
reflects the interaction between Cu™/Cu®* and GOx during
the biomimetic mineralization process. The Fe 2p XPS spec-
tra of CPB show peaks at 708.6, 721.5, 711.7, and 724.5 eV,

attributed to Fe** 2ps ., Fe** 2p, », Fe** 2p5,, and Fe** 2p, .,
respectively (Fig. 3d). After the introduction of GOx, these
binding energies slightly shifted to 708.5, 721.4, 711.6, and
724.4 eV, respectively. Compared with Prussian blue, the
contents of Fe?* in CPB and GOx@CPB were higher than
those of Fe**, which may be attributed to the competitive
binding between Fe** and Cu?* with Fe>*.

3.2 Catalytic Performance of GOx@CPB

The catalytic activity of CPB was then investigated. As
expected, CPB exhibited peroxidase-like activity. Using
2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) as the chromogenic agent and
hydrogen peroxide (H,0,) as substrate, CPB initiated the
reaction immediately, and the reaction solution turned green.
The control experiment showed that, in the absence of CPB,
the reaction system containing H,O, and ABTS only exhib-
ited a slight increase in absorbance at 415 nm. Furthermore,
the catalytic activity of CPB was evaluated with glucose as
substrate, and the results showed that CPB had no GOx-
like catalytic activity. Upon changing the initial enzyme
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Fig.2 Characterization of CPB
and GOx@CPB. UV-Vis (a)
and FTIR (b) spectra of GOx,
CPB, and GOx@CPB compos-
ite. TGA curves (¢) and XRD
patterns (d) of CPB and GOx@
CPB composite

Fig.3 XPS profiles of CPB and
GOx@CPB. Full spectra (a)
and high-resolution N (b), Cu
(c), and Fe (d) profiles
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concentration during the preparation, the obtained GOx @
CPB composite did not show changes in activity compared
with CPB. This phenomenon indicates that the incorpora-
tion of GOx did not lead to obvious structural changes in
CPB, which might affect the number of catalytic sites and
thus lead to changes in its activity. By defining 1 unit (U) of
GOx as the amount of enzyme required to catalyze glucose
oxidation and generate 1 pmol hydrogen peroxide within
1 min, the enzyme activities of free GOx and GOx@CPB
are 573 U and 410 U respectively.

Based on the above analysis, the cascade reaction initi-
ated by GOx@CPB was carried out in a one-pot process.
Glucose was first oxidized by GOx with oxygen to gen-
erate gluconic acid and H,0, [17]. Then, colorless 3, 3,
5, 5'-tetramethylbenzidine (TMB) was oxidized by H,0,
to generate blue TMB™ [31] under the catalysis of CPB
(Fig. 4a). In this study, the GOx@CPB composite was
added to an acetate buffer containing TMB and different
concentrations of glucose, and the absorbance at 635 nm was
determined in 60 min. As the glucose concentration ranged
from 0.5 to 100 pM, the color of the supernatant changed
from light to dark blue, and the change could be observed
by the naked eye (Fig. 4b, inset). The absorbance at 635 nm
showed a good linear relationship, with R>=0.9997 within
the detected range of glucose concentrations. The limit of
detection (LOD) was calculated to be 0.48 uM, which is
lower than that of most reported glucose detection methods
[32-35]. This outstanding catalytic performance possibly

Fig.4 Detection of glucose
with GOx@CPB. a Cascade
reaction based on GOx @

CPB composite. b Absorb-
ance of glucose concentrations
ranging from 0.5 to 100 pM,
under catalysis by GOx@CPB
composite. Inset: photograph
showing color changes of the
supernatant with increasing
glucose concentration (0.5—
100 pM; from left to right, the
concentration was 0.5, 1, 5, 10,

a

Glucose

D 9O 0 oo
Fe* Fe» Cu®” C N GOx

originated from the accumulation of intermediates, which
were immediately utilized by the GOx @CPB composite due
to proximity effects. Therefore, the highly efficient utiliza-
tion of intermediates led to the enhanced catalytic perfor-
mance of the GOx@CPB composite and a higher sensitivity
in the detection of glucose.

In addition, we investigated the selectivity of GOx toward
different substrates after incorporation in CPB. We carried
out experiments with substrates including fructose, galac-
tose, mannose, arabinose, xylose, maltose, and sucrose in
concentrations ten times that of glucose, containing equiv-
alent amounts of GOx@CPB composite as catalyst. As
shown in Fig. 4c, the absorbances at 635 nm obtained with
the other substrates were considerably lower than that of
the glucose solution, which could be distinguished by the
naked eye (Fig. 4c, inset). This confirmed the high specific-
ity toward glucose of the present colorimetric assay based
on the GOx@CPB composite.

To evaluate the catalytic activity of GOx and GOx@
CPB with glucose as substrate, the kinetic parameters were
measured by fitting the experimental data with the Michae-
lis—-Menten equation (Fig. 5a). Free GOx exhibited a K,
value of 30.8 mM, while GOx @CPB showed a slightly lower
K,, of 28.6 mM, suggesting that GOx incorporated inside
CPB exhibited higher affinity towards glucose, which can
be ascribed to the adsorption and accumulation of substrates
over the supporting scaffold [36]. Moreover, the GOx @CPB
composite showed k., and k_,/K,, values of 4.1 s~ and
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Fig.5 Enzyme activity and a
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0.14 s~'.mM™, respectively, while the corresponding values
for free GOx were 5.7 s~ and 0.19 s~!-mM™!, respectively.
These results demonstrated that GOx@CPB composite pre-
pared via biomimetic mineralization exhibited comparable
catalytic performance compared to free GOx.

The stability of enzyme under unfavorable conditions is
an important parameter for practical applications, such as
those involving organic solvents, denaturing and proteolytic
agents. The stability of the present system was assessed by
comparing the activity of the free and encapsulated enzymes
upon exposure to identical treatment conditions for the same
time. DMSO is an excellent solvent for dissolving substrates
with high molecular weight during catalysis. However, it
tends to strip essential water molecules from the surface
of enzymes, leading to unfavorable conformational changes
and loss of the catalytic function of the enzyme. Genetic
engineering is an effective method to enable the enzyme to
function in DMSO-containing solutions. The encapsulation
of the enzyme provides another route to enhance its toler-
ance to DMSO solutions. Thus, we evaluated the stability
of the enzyme in DMSO. As shown in Fig. 5b, after incuba-
tion in DMSO (99%, v/v) for 60 min at 37 °C, GOx@CPB
retained 85% of its initial activity, whereas only 75% of the
original activity was detected for free GOx. This result indi-
cates that PB inhibited the attack from the organic solvent
to the encapsulated enzyme. Proteolytic enzymes hydrolyze
proteins and peptides, which are widely found in plants and
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animals. Therefore, we also evaluated the stability of GOx@
CPB against the proteolytic enzyme papain. In this case, the
GOx@CPB composite maintained almost 110% of its initial
activity, whereas only 40% of the initial activity of free GOx
was retained. The activity of the enzyme in the presence of
the SDS denaturing agent was also assessed. The activity
retention of the GOx@CPB composite in the presence of
SDS was 10% higher than that of free GOx. The excellent
catalytic performance of the GOx@CPB composite in harsh
environments can be attributed to the shielding effect of the
CPB shell. Thus, we demonstrated that the CPB shell could
provide a protecting function for the encapsulated enzyme,
without affecting its activity. The long-term storage stability
of the GOx@CPB composite was also assessed by incubat-
ing GOx and GOx@CPB in acetate buffer for 5 days. On
each individual day, the activity retention of GOx@CPB
was higher than that of free GOx. After storage for 5 days,
GOx @CPB exhibited an almost identical activity retention
to the free enzyme (Fig. 5¢). Moreover, the GOx @CPB com-
posite could be recycled five times without obvious activity
loss (Fig. 5d). The slight activity decrease can be attributed
to the loss of nanosized particle during the centrifugation
process for reuse. In terms of specific activity, the activity of
GOx @CPB composite was fully retained. Therefore, GOx @
CPB composite exhibited good operational stability, show-
ing great potential in practical application.
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4 Conclusion

A multienzyme system was successfully constructed via
biomimetic mineralization, with CPB acting as peroxidase
inorganic mimic and encapsulating the natural enzyme,
GOx. The incorporation of GOx did not lead to obvious
structural changes in CPB. The developed GOx@CPB
composite drove the cascade reaction in which glucose was
oxidized by GOx yielding hydrogen peroxide as intermedi-
ate, which was subsequently catalyzed by the surrounding
CPB to generate a detectable signal. Thus, the GOx@CPB
composite functioned as a colorimetric biosensor for the
detection of glucose at low concentrations. Moreover, the
CPB shell provided an ideal protection to the encapsulated
GOx when exposed to unfavorable environments, includ-
ing organic solvents and denaturing or proteolytic agents.
Therefore, the present facile strategy for the construction of
hybrid multienzyme systems shows a promising potential for
the development of biosensors and biocatalysts.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10562-021-03668-8.
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