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Abstract
Multi-protein (or enzyme) conjugates play a vital role in biosensing due to the integrated function of each component, such as
biological recognition and signal amplification. In this work, a green self-assembled method for the synthesis of multi-functional
protein-enzyme nanoflowers has been developed, in which no chemical modification and coupling reaction is needed to fabricate
the fluorescent signal probe. The self-assembled protein-enzyme conjugates streptavidin (SA) -β-galactosidase (β-Gal)-CaHPO4

nanoflowers load sufficient enzymes without damaging their activity, which meets the requirements of signal tags for biosensing.
Through integrated multi-function of biorecognition (SA) and signal amplification (β-Gal), the SA-β-Gal-CaHPO4 hybrid
nanoflower-based fluorescent sensor exhibited an ultrasensitive detection of protein biomarker alpha-fetoprotein (AFP), with limits
of detection at the fM level. The presented self-assembled strategy can be extensively applied to develop on-demand protein-enzyme
conjugates according to the specific requirements in a variety of applications including biosensors, bioimaging, and biomedicine.
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Introduction

Proteins convey a variety of functions in life activities, such as
metabolism, heredity, and immunization [1]. Among these,
recognition proteins as a kind of bioreporter have been exten-
sively used in bioassay for the high specific interaction with
corresponding target analytes, including the specific recogni-
tion of antibodies to antigens, the interaction between
streptavidin (SA) and biotinylated biomolecules, and the high
affinity of concanavalin (Con A) to surface O-antigen [2].
Besides, enzyme as a special kind of protein with excellent
activity and substrate specificity has attracted intensive re-
search interest [3]. Many classic enzymic reactions can be
applied as diverse amplified signal readout. Accordingly, bio-
assay techniques, such as the most commonly used Western

blotting and enzyme-linked immunosorbent assay (ELISA),
are largely dependent on protein-enzyme conjugates that al-
low a specific biorecognition of model analytes using recog-
nition probes and then transduce and amplify the signal
change of the biorecognition through signal probes [2]. Up
to date, many achievements have been made to develop new
method for the preparation of protein-enzyme conjugates and
to explore ideal nanomaterial for the immobilization of
protein-enzyme conjugates [4, 5]. For instance, PEG brushes
[6], nanoporous silica [7], nanofibers [8], magnetic nanopar-
ticle [9], and carbon nanotubes/nanowires [10] have already
been applied as a new kind of protein/enzyme-embedded ma-
terials. However, tedious and complex multi-step synthetic
process involved above will sacrifice the function of the pro-
tein and enzyme, causing the deactivation of the recognition
protein and the activity loss of signal output enzymes.
Therefore, to solve this bottleneck, a mild but reliable method
should be developed to prepare the protein-enzyme conjugate
without damaging the activity of each component.

Recently, an elegant but facile approach for immobilizing
enzymes on the Cu3(PO4)2 inorganic component with the
morphology of nanoflowers was reported by Zare and his
co-workers [11], and then aroused extensive interest by re-
searchers in the field of biocatalysis [12–16], biosensors [17,
18], and bioanalytical devices [19–21]. The flower-like hybrid
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nanomaterials generated by this process are called Borganic-
inorganic hybrid nanoflower^ or Bhybrid nanoflower^ (NF).
Surprisingly, the as-prepared nanoflower exhibited enhanced
activity as well as stability. Inspired by this, we present a self-
assembled strategy to prepare multi-functional protein-en-
zyme conjugates integrating the function of the biorecognition
of the recognition protein with the signal amplification of the
enzyme.

In this work, β-galactosidase attracts our interest because it
can specifically catalyze the fluorogenic substrate fluorescein
di-β-D-galactophyranoside (FDG) into fluorescein to give the
fluorescence signal [22], which can be used as an ideal signal
enzyme. Further, we found that with the calcium ions, β-
galactosidase (β-Gal) protein molecules can form
nanocomplexes which provide templates of nanoparticle
self-assembly, acquiring different morphologies as well as
with great enzymatic activity. This inspiring result encourages
us further to explore multi-functional protein-enzyme conju-
gates. After systematical study of the mechanism of the self-
assembly between the metal ion and the biomolecules, the
multi-protein (enzyme) system, SA-β-Gal-CaHPO4 hybrid
nanoflowers were synthesized for the first time, employing
new signal enzyme and enzyme-based signal amplification.

As is illustrated in Scheme 1, the cooperation of SA and β-
Gal in the hybrid conveys multi-functions. Specifically, by
utilizing the biotin-streptavidin system, SA has the high affin-
ity to bind to biotinylated antibody and serves as the general
recognition part to corresponding antigen. Meanwhile, β-Gal
can catalyze the fluorogenic substrate FDG into fluorescein to
give the fluorescence signal, serving as the signal output com-
ponent in the hybrid nanoflower. In general, the multi-
functional SA-β-Gal-CaHPO4 hybrid nanoflowers possess
the high biorecognition of corresponding analyte and signal
amplification by loading abundant enzymes, which can be
taken as ideal fluorescent signal probe for sensitive detection
of protein biomarkers.

Experimental

Reagents and materials

Anti-human AFP monoclonal antibody (capture Ab), human
AFP, and biotin-labeled AFP antibody (biotin-Ab) were pur-
chased from Linc-Bio Science Co., Ltd. (Shanghai, China).
Horseradish peroxidase (HRP) and β-galactosidase from

Scheme 1 A Self-assembly
synthesis of SA-β-Gal-CaHPO4

hybrid nanoflowers; B schematic
illustration of multi-functional
hybrid nanoflower-based ELISA
for protein biomarker AFP
detection
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Escherichia coli were purchased from Sigma-Aldrich (St.
Louis, MO, USA). SAwas purchased from Amresco (Solon,
OH, USA). Human serum sample was supplied by the
Zhongnan Hospital of Wuhan University (Wuhan, China).
All oligonucleotide with different sequences were synthesized
and HPLC purified by Sangon Biotechnology Co., Ltd.
(Shanghai, China). The sequences of the oligonucleotide used
in this work are listed as follows:

oligonucleotide labeled with biotin at one side and FAM at
the other side (B-DNA-F): 5′-biotin-AAAAAA-FAM-3′.

oligonucleotide labeled with FAM (DNA-F): 5′-AAAA
AA-FAM-3′.

Synthesis of β-Gal-CaHPO4 hybrid nanocomplexes

In a typical synthesis of β-Gal-CaHPO4 hybrid nanoflower,
an aqueous solution of CaCl2 (200 mM, 20 μL) was added
into 2mL of phosphate-buffered saline (PBS) solution (5mM)
containing 0.5 mg/mL β-Gal at pH = 6.8. The prepared mix-
ture was mixed with ultrasound, and then left undisturbed for
incubation for 24 h at the temperature of 37 °C. After incuba-
tion, the self-assembly of biomolecules in this environment
was complete and the mixture was centrifuged to obtain a
white-colored precipitate. The collected power was washed
three times with DI water and centrifuged at 10,000 rpm for
10 min to remove the unreacted components.

Synthesis and characterization of SA-β-Gal-CaHPO4

hybrid nanoflower

The SA-β-Gal-CaHPO4 hybrid nanoflowers were syn-
thesized by self-assembly of protein in the PBS buffer
in the presence of CaCl2 with some modifications.
Typically, 20 μL of CaCl2 (200 mM) was added into
1 mL PBS (5 mM, pH 6.8, NaCl 37.5 mM) followed
by adding 1 mL of β-Gal (1 mg/mL) and 100 μL of
SA (1 mg/mL). The prepared mixture was mixed with
ultrasound, and then left undisturbed for incubation for
24 h at the temperature of 37 °C. After incubation, the
self-assembly of protein in this environment was com-
plete and the mixture was centrifuged to obtain a white-
colored precipitate. The collected SA-β-Gal-CaHPO4

NF power was washed three times with DI water and
centrifuged at 10,000 rpm for 10 min to remove the
unreacted components. The size and morphology of
the prepared SA-β-Gal-CaHPO4 nanoflowers were char-
acterized by scanning electron microscope (SEM,
HITACHI S-4800), transmission electron microscope
(TEM, JEM-2100F), X-ray diffraction spectrometry
(XRD, D8 ADVANCE), and fluorescence microscopy
(Kratos Ltd. XSAM-800).

The activity evaluation of β-Gal and SA
in SA-β-Gal-CaHPO4 hybrid nanoflower

Three hundred microliters of FDG (1 μg/mL) was incubated
for 2 h at 37 °C in the presence of free β-Gal, β-Gal-
Cu3(PO4)2 NF, β-Gal-CaHPO4 NF, SA-β-Gal-CaHPO4 NF,
respectively. Then after centrifugation, the supernatant was
stored for fluorescence spectrum analysis.

Fifty microliters of 10−7 M B-DNA-F was incubated with
SA nanoflower, β-Gal nanoflower, and SA-β-Gal nanoflower
for 2 h, respectively. After centrifugation (10,000 rpm) for
5 min, precipitate was collected and washed with ultrapure
water three times for fluorescence microscopy observation.

SA-β-Gal-CaHPO4 NF-based fluorescent sensing
for protein biomarker AFP

The procedures of nanoflower-based sensing for protein bio-
marker AFP were modified according to the classic ELISA
[18]. Specifically, the capture antibody of human AFP (50 μL,
0.02 mg/mL) was first attached to the bottom of 96-well high-
binding ELISA plates. BSA (1%) was used as blocking solu-
tion for 2 h at 37 °C to prevent nonspecific adsorption. After
washing with PBS-Tween buffer (10 mM, 150 mM NaCl,
0.1% Tween 20, pH 7.40), different concentrations of AFP
(50 μL) were added to the 96-well plates and incubated for
2 h. This step was followed by rinsing with 300 μL of PBS-
Tween buffer three times (all the binding steps described be-
low were followed by a rinsing step). Next, the Biotin-Ab
(50 μL, 0.02 mg/mL) was bound to AFP through an immu-
noreaction for 2 h, followed by 30 min incubation with the
prepared SA-β-Gal-CaHPO4 hybrid nanoflowers (50 μL,
0.02 mg/mL). Finally, the FDG was added and incubated in
the microplate for 2 h at 37 °C. After that, 100 μL of Na2CO3

aqueous solution (1 M) was added to terminate the reaction in
the microplate, and the supernatant was collected and diluted
to 500 μL. And then the fluorescence intensity of the diluted
supernatant was measured by using 490 nm for excitation and
515 nm for emission. Fluorescence spectrum analysis using a
1-cm path length quartz cuvette was performed.

Results and discussion

Characterization of the self-assembled nanoflower

Different kinds of β-Gal-CaHPO4 hybrid nanocomplexes were
synthesized through self-assembly. As shown in Electronic
Supplementary Material (ESM) Fig. S1, by regulating the con-
centrations of β-Gal, PBS, and CaCl2, we accomplished forma-
tion of nanostructures with distinctive morphology, and the β-
Gal-CaHPO4 hybrid nanoflower was prepared in the optimized
condition. Similarly, SA-β-Gal-CaHPO4 nanoflowers were
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successfully prepared through self-assembly. The morphology
and structure of the nanoflower were tentatively characterized.
The as-prepared nanoflowers were characterized by scanning
electron microscopy (SEM), XRD, energy dispersive X-ray
spectroscopy (EDS), and thermogravimetric analysis (TGA).
Moreover, the immobilized efficiency of hybrid nanoflowers
calculated through Bradford assay. Morphology of the SA-β-
Gal-CaHPO4 hybrid nanoflower was illustrated by scanning
electron microscope (SEM) and transmission electron micro-
scope (TEM) images. SEM image showed flower-like nano-
structure of as-prepared SA-β-Gal-CaHPO4 products with high
surface-to-volume ratios (Fig. 1A). The TEM image of the
SA-β-Gal-CaHPO4 hybrid nanoflower exhibited that they have
hierarchical structures, which seems like they are assembled
from hundreds of nanopetals (Fig. 1B). A TEM image of a
single nanopetal shows that the complex is formed by the
stacked nanocrystals (Fig. 1C). A high-resolution TEM image
of the crystal structure of the nanopetal is shown in Fig. 1D,
where the lattice spacing values of 0.761 nm correspond to
(020) planes further confirming the formation of CaHPO4.
The X-ray powder diffraction (XRD) analysis was performed
to demonstrate the formation of CaHPO4 in the protein-
inorganic hybrid nanoflower (Fig. 2A), for the X-ray diffraction
pattern of the nanoflower power matched well with that of
CaHPO4 according to the JCPDS card (PDF#72-0713). The
EDS of protein-enzyme hybrid nanoflower revealed the distri-
bution of several typical elements including Ca, P, C, O, Na, Cl,
and S (ESMFig. S2) in the SA-β-Gal-CaHPO4NF, manifesting
the presence of Ca, P, C, O, and S in hybrid nanoflower. And
among them Ca and P elements were predominantly distributed
in the nanosheets of the nanoflowers. To evaluate the weight
percentage of different components in the hybrid system, TGA

was performed, revealing that the weight percentage of organic
component (i.e., SA and β-Gal) of the untreated nanoflowers
was 16.32% (Fig. 2B). The immobilization efficiency, with the
definition of the ratio of the amount of immobilized protein to
the total amount of protein introduced, was determined to be
96.2%, by measuring the free protein in the supernatant using
the Bradford protein assay (see ESM and Fig. S3), and the high
immobilization efficiency of SA-β-Gal-CaHPO4 hybrid
nanoflower avoids the waste of protein or enzyme.

Activity evaluation of the SA-β-Gal-CaHPO4 NF

To evaluate the enzymatic activity of β-Gal SA-β-Gal-
CaHPO4 NF and study the effect of different kinds of metal
ions to enzymatic activity of β-Gal, free enzyme, β-Gal-
CaHPO4 NF, β-Gal-Cu3(PO4)2 NF, and SA-β-Gal-CaHPO4

NF were incubated with 300 μL of FDG (1 μg/mL) for 2 h at
37 °C, respectively. As presented in Fig. 3, from samples b to
e, the fluorescence intensity was increasing, demonstrating
thatβ-Gal-CaHPO4 NF and SA-β-Gal-CaHPO4 NF exhibited
enhanced enzyme activity compared with freeβ-Gal, whileβ-
Gal-Cu3(PO4)2 NF lost most of its activity, which can be at-
tributed to the fact that Zn2+, Ni2+, Cu2+, and Co2+ inactivate
wild-type beta-galactosidase while Ca2+ binds but has no ef-
fect on the activity of wild-type beta-galactosidase [23].

To verify the biorecognition ability of SA in the SA-β-Gal
hybrid nanoflower, B-DNA-F in which DNA modified with
biotin and FAM at the different end was incubated with differ-
ent types of nanoflowers. And then after centrifugation, the
fluorescence was observed by fluorescence microscope. As
shown in the Fig. 4, green fluorescent flowers can be observed
in both SA nanoflower (Fig. 4A) and SA-β-Gal-CaHPO4

Fig. 1 A SEM images of SA-β-
Gal-CaHPO4 hybrid nanoflower;
B TEM images of SA-β-Gal-
CaHPO4 hybrid nanoflower; C
TEM image of the single
nanopetal in SA-β-Gal-CaHPO4

hybrid nanoflowers; D high-
resolution TEM image of SA-β-
Gal-CaHPO4 hybrid nanoflowers
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hybrid nanoflower (Fig. 4C) in the dark field, while no green
fluorescence can be seen in the β-Gal nanoflower (Fig. 4B).
Besides, DNA-F where DNA only fluorescently labeled with
FAMwas also incubated with SA-β-Gal-CaHPO4 nanoflower,
and no green fluorescence can be observed after centrifugation
(Fig. 4D), which demonstrated no nonspecific absorption dur-
ing the process. As we can see, the SA in SA-β-Gal-CaHPO4

nanoflower still maintained great biorecognition ability to bio-
tinylated biomolecule during the self-assembly process.

SA-β-Gal-CaHPO4 NF-based fluorescent sensing
for AFP in standard buffer

Integrated recognition unit and signal amplification unit, the
self-assembled SA-β-Gal-CaHPO4 hybrid nanoflower was
further used as signal tag to construct the fluorescent sensor

for ultrasensitive detection of protein biomarker AFP. As in-
dicated in Scheme 1B, the detection of AFP was based on the
sandwich immunoassay. On the one hand, the function of
recognition was realized by the specific binding between the
SA in SA-β-Gal-CaHPO4 hybrid nanoflower and the corre-
sponding biotinylated antibody. On the other hand, the func-
tion of signal reporter was achieved by β-Gal in SA-β-Gal-
CaHPO4 nanoflower, which can catalyze the fluorogenic sub-
strate FDG into fluorescein producing a fluorescence signal.
Besides, the inorganic component of CaHPO4 in hybrid
nanoflower played the role of immobilizing massive SA and
β-Gal, which has the effect of signal amplification. Therefore,
when AFP was recognized by corresponding biotinylated an-
tibody which was further bound to SA in SA-β-Gal-CaHPO4

hybrid nanoflower, the β-Gal in SA-β-Gal-CaHPO4 hybrid
nanoflower can catalyze FDG into fluorescein giving a fluo-
rescence signal. In this way, it can determine the concentration
of the target protein simply by monitoring the fluorescence
intensities under the UV lamp. In the absence of target, the
biotin-Ab and the SA-β-Gal-CaHPO4 nanoflowers were
washed away, resulting in a low background signal.

In the assay, the performance of the fluorescent sensor was
affected by the employed nanoflowers. As shown in the ESM
Fig. S4, several different kinds of hybrid nanoflower were
employed as signal probes, including SA-CaHPO4 NF,
SA-β-Gal-CaHPO4 NF with SA-β-Gal at the ratio of 1:1,
SA-β-Gal-CaHPO4 NF with SA-β-Gal at the ratio of 1:10,
and β-Gal-CaHPO4 NF. The lack of biorecognition unit (SA)
or signal output unit (β-Gal) led to a low fluorescent intensity,
while SA-β-Gal-CaHPO4 NF with the ratio of 1:1 and 1:10
exhibited an obvious fluorescent increase, which indicates that
the combination of the biorecognition unit and signal output
unit ensures the signal tag function of the SA-β-Gal-CaHPO4

NF hybrid nanoflower.
To detect AFP by this proposed method, different concen-

trations of AFP in PBS buffer were added. An obvious increase

Fig. 2 A XRD patterns of hybrid nanoflowers obtained with SA and β-
Gal (red line), particles of crystals obtained without protein (black line),
and standard CaHPO4·2H2O (JPSCD PDF#72-0713) (inset). B TGA
spectrum of the nanoflowers. The weight loss between RT and 200.0 °C

was 3.48%, corresponding to the loss of crystallization water of
CaHPO4·2H2O; with the increase of temperature from 200 to 700 °C,
the weight loss was 16.32%, resulting from pyrolytic decomposition of
protein

Fig. 3 Fluorescence spectra of the system: (a) FDG only; (b–e) the
supernatant of FDG incubated with different kind of systems: (b) β-
Gal-Cu3(PO4)2 NF, (c) free β-Gal, (d) β-Gal-CaHPO4 hybrid
nanoflowers, and (e) SA-β-Gal-CaHPO4 hybrid nanoflowers
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in the FL peak at 515 nm was clearly observed with the in-
crease of AFP concentration. In addition, the fluorescent color
change of the product solutions induced by 1 ng/mL of AFP
can be detected with naked-eye readout under the UV lamp
(ESM Fig. S5). Furthermore, quantitative analysis was con-
ducted by comparing the FL at 515 nm in the presence of
different concentrations of AFP. As presented in Fig. 5,
SA-β-Gal-CaHPO4 NF-based fluorescent sensor exhibited ex-
cellent performance for AFP assay in a linear range of 0.1 to

10 ng/mL, with the detection of 13 pg/mL (the LOD was
calculated according to the method described by
Demchenmko, as illustrated in the ESM), while for the SA-
HRP-CaHPO4-based ELISA and SA-HRP-Cu3(PO4)2-based
ELISA, the LOD were calculated to be 0.17 ng/mL (ESM
Fig. S6) and 78 pg/mL [18], respectively, indicating the im-
provement of sensitivity in SA-β-Gal-CaHPO4 NF-based
ELISA can be contributed to the change of signal output en-
zyme from colorimetric to fluorescent.

Fig. 4 Fluorescence microscopy
images of different hybrid
nanoflowers. A–C Dark-flied
images of SA-CaHPO4, β-Gal-
CaHPO4, and SA-β-Gal-CaHPO4

nanoflowers with B-DNA-F,
respectively; and D SA-β-Gal-
CaHPO4 nanoflowers with DNA-
F

Fig. 5 A Fluorescence spectra of
the sensing system in response to
the different concentrations of
AFP: 0, 0.1, 0.5, 1.0, 2.5, 5.0,
10 ng mL−1; B relationship
between the fluorescence
intensity and AFP concentration
in standard buffer. Inset:
corresponding calibration
equation for AFP detection; C
relationship between the
fluorescence intensity and AFP
concentration in human serum.
Inset: corresponding calibration
equation for AFP detection; D
specificity of the assay for AFP
detection with different nontarget
protein. Experimental conditions:
0.02 mg/mL capture antibody,
1 ng/mL different protein,
0.02 mg/mL SA-β-Gal-CaHPO4

nanoflowers
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SA-β-Gal-CaHPO4 NF-based fluorescent sensing
for AFP in human serum samples

To estimate the performance of this proposed method in real
sample analysis, the developed SA-β-Gal-CaHPO4 NF-based
sensor was used to detect AFP in human serum samples. After
the addition of AFP in human serum, the reaction exhibited an
obvious increase of fluorescent intensity, exhibiting a linear to
the concentration of AFP throughout the range of 0.10–10.0 ng/
mL (Fig. 5C). To further demonstrate this method is free from
the complex sample matrix effect of human serum, 10% healthy
human serum was adopted as model matrix and recovery tests
were conducted. Different concentrations of AFPwere separate-
ly spiked into the 10% diluted human serum, and then the sam-
ples were tested. Fifty microliters spiked AFP samples were
loaded on the ELISA 96-well plate for analysis. The human
serum without spiked AFP used as the control. The concentra-
tion of AFP in the human serumwas determined by the obtained
standard curve. Recoveries of AFP were ranging from 91.3 ±
6.1 to 109.0 ± 4.1% (Table 1). These results successfully proved
the feasibility and reliability of this proposed method, which is
applicable for the determination of AFP in real sample.

The specificity of the SA-β-Gal-CaHPO4 NF-based fluores-
cent sensor was evaluated by replacing the target AFP with
BSA, SA, MUC-1, and CEA. As depicted in Fig. 5D, obvious
fluorescent increase was observed in the presence of target AFP,
whereas BSA, SA, MUC-1, and CEA led to slight increase of
fluorescent intensity. It can be concluded that the high specific
binding of the antigen and antibody ensures the specificity of
SA-β-Gal-CaHPO4 NF-based fluorescent sensor.

Conclusion

In summary, an innovatively self-assembled method has been
presented for the facile and green synthesis of protein-enzyme
conjugates integrating the functions of biorecognition and sig-
nal amplification. Besides, no chemical modification and cou-
pling reaction is necessary to fabricate the signal probe. By
adopting the as-prepared SA-β-Gal-CaHPO4 hybrid
nanoflowers as fluorescent signal probe, a simple but poten-
tially powerful amplification biosensor with excellent simplic-
ity, sensitivity, and adaptability has been constructed for pro-
tein biomarker AFP assay. By altering the different signal
output enzyme, fluorescent decoction would be an alternative

to conventional colorimetric immunosensor, thus further im-
proving the sensitivity of nanoflower-based sensor. On the
other hand, due to the general SA-biotin binding system,
SA-β-Gal-CaHPO4 hybrid nanoflowers have the potential to
detect a wide range of protein biomarkers by varying the cor-
responding of the biotinylated antibody. Therefore, this self-
assembled approach can be generally employed to prepare a
variety of protein or enzyme conjugates for the various appli-
cations, including biocatalysis, biosensors, and drug delivery.
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