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Abstract The authors describe a fluorescence immunoassay
for galectin-4, a candidate biomarker for various cancers.
Glucose oxidase was encapsulated into a zeolitic imidazolate
framework to give a composite (GOx/ZIF-8 composite) that
acts as a signal-transduction tag via a biomimetic mineraliza-
tion process. After modification of the composite with
streptavidin, it binds biotinylated antibody against galectin-4.
In the immunoassay, the response to galectin-4 results from the
enzymatic oxidation of glucose. This reaction produces hydro-
gen peroxide (H,0,) that reacts with iron(Il) ions to generate
hydroxy radical (*OH), which leads to the quenching of the
fluorescence of gold nanoclusters (AuNCs). Accordingly, the
fluorescence quenching of AuNCs depends on the concentra-
tion of target galectin-4. The GOx/ZIF-8 composite has a high
loading capacity for GOx at uncompromised enzymatic
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activity. The fluorescence of AuNCs is sensitively quenched
by *OH radicals. Galectin-4 can be detected by this method in
concentrations as low as 10 pgmL . It is expected that this
kind of enzyme/MOF composite-based immunoassay has a
wide scope in that it may be adapted to other low-abundance
proteins and biomarkers.

Keywords Zeolitic imidazolate framework - Hydrogen
peroxide - Glucose - Hydroxy radical - Reactive oxygen
species - BiomarkerXiaolong Zhang and Yongyi Zeng are
contributed equally to this work.

Introduction

Galectin-4, a member of the galactose binding lectin family, is
composed of two carbohydrate recognition domains within
the same peptide chain. It has been reported that Galectin-4
was involved in the regulation of cell apoptosis and the pro-
motion of tumor metastases during cancer development and
progression [1, 2]. The aberrant expression of galectin-4 has
been found in several cancers, such as colorectal cancer, breast
cancer, pancreatic adenocarcinomas, hepatocellular carcino-
ma, and gastric cancer [3, 4]. Therefore, Galectin-4 might be
a promising diagnostic biomarker and a valuable therapeutic
target for effective cancer treatment.

Up to now, antibody-antigen recognition and lectin-
carbohydrate interaction have been exploited for the sensitive
and selective detection of galectin-4 [2, 5]. Among them,
enzyme-linked immunosorbent assay (ELISA) based on
antibody-antigen recognition has attracted significant interests
due to the specificity of antibody to antigen. In such detection
systems, the key issue for signal amplification is to enhance
the ratio between enzymes and target molecules. One of the
effective approaches is to utilize nanomaterials as the carriers
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of enzymes and detection antibodies to improve the loading
content and thus accumulate the product of the enzymatic
reaction [6—8]. Nowadays, various nanostructures or
nanocarriers have been fabricated for this purpose, such as
magnetic beads [9], metal nanoparticles [10, 11], graphene
oxide [12, 13], and carbon nanotubes (CNTs) [14].
However, these nano-amplification technologies are often
limited by the complicated and labored assembly processes,
as well as relatively poor stability of biofunctionalized
nanomaterials. It is still of great importance to explore effi-
cient and cost-effective strategies for the fabrication of
enzyme-immobilized nanoparticles with improved stability
for the enhancement of sensitivity and selectivity of ELISA.

Metal-organic frameworks (MOFs) are crystalline porous
compounds constructed of metal ions and organic linkers.
They have hold great promise for the potential applications
in gas separation and storage, catalysis, sensing, chemical
separation, and drug delivery [15—17]. Currently, a series of
biomacromolecules such as proteins, DNA, and enzymes are
found to enable to induce the coating of protective metal-
organic framework to form biomacromolecule/MOF compos-
ites [18, 19]. The resulting biocomposites offer several advan-
tages such as high biological activities, stable under harsh
conditions, and low cost synthesis steps. To the best of our
knowledge, there are only a few analytical applications of the
protein/MOF composites [20, 21]. Fluorescent nanomaterials
have received much attentions in the field of sensing, imaging,
and light emitting devices, including quantum dots [22], metal
nanoclusters [23], and carbon nanomaterials [24]. It has been
reported that the strong fluorescence of gold nanoclusters
(AuNCs) can be effectively quenched by hydrogen peroxide
(H,0,) and highly reactive oxygen species (hROS) including
*OH, CIO ", and ONOO [25-27]. Since *OH can be obtained
from the Fenton’s reaction between H,O, and iron(Il) ions
(Fe**), the constituted AuNCs-iron(Il) system can be used to
detect H,O, and H,0O,-related oxidases. In this work, we com-
bined enzyme/MOF composites with AuNCs-iron(II) system
to construct a fluorescence immunoassay for the high sensitive
detection of galectin-4.

Experimental
Materials and reagents

Gold(IlT) chloride trihydrate (HAuCl,*3H,0), zinc acetate
dihydrate, and H,O, were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China, www.reagent.
com.cn). Glutathione (GSH), GOx, and streptavidin were
purchased from Shanghai Sangon Biological Reagent
Company (Shanghai, China, www.sangon.com).
Recombinant human galectin-4 protein and human galectin-
4 biotinylated antibody were purchased from R&D Systems
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(www.rndsystems.com/cn). Glypican-3 (GPC-3), recombi-
nant human galectin-1 and galectin-3 were purchased from
Sino biological Inc. (China, www.sinobiological.com). «-
fetoprotein (AFP) was purchased from Linc-Bio Science
Company (Shanghai, China, www.linc-bio.com). Ferrous
sulfate and 2-methylimidazole (HmIm) were obtained from
Aladdin Reagent Co. Ltd., (Shanghai, China, www.aladdin-
e.com). Bovine serum albumin (BSA), human serum albumin
(HSA), glucose, and Tween 20 were purchased from Sigma-
Aldrich Chemical Co. (USA, www. sigmaaldrich.com). 96-
Well polystyrene plates were obtained from Corning Costar
(Coming, New York, USA, www.corning.com/cn). Deionized
water (Milli-Q grade, Millipore, www.merckmillipore.com)
with a resistivity of 18.2 MQ-cm was used throughout this
study. All other reagents were of analytical reagent grade
and used without further purification.

Preparation of AuNCs

The AuNCs were prepared by using GSH as the reducing-
cum-protecting agent according to the previous literatures
[28]. Typically, freshly prepared aqueous solutions of
HAuCl; (4 mM, 2.5 mL) and GSH (8 mM, 2.5 mL) were
mixed under vigorous stirring at room temperature. After
5 min, the mixture solution was heated to 70 °C for 24 h.
The solution was further dialyzed using a MWCO membrane
(1000 Da) in deionized water for 24 h to remove the unreacted
molecules. A light yellow aqueous solution was obtained and
stored in the dark at 4 °C for further usage.

Measurement of H,0O, and GOx activity
in the AuNCs-iron(II) system

100 uL H,O, with various-concentration were mixed with
78 uL of water and then 20 uL of AuNCs were added, follow-
ed by the addition of 2 uL of 1 mM Fe** solution. After
incubation at room temperature for 2 min, the solution fluo-
rescence spectra were recorded upon being excited at 375 nm.
Fig. 1a displays the assay mechanism of the AuNCs for the
detection of GOx activity. Briefly, 10 uL of GOx with the
specified concentration (0-10 pg-mL™") were incubated with
glucose (5 mM) solutions, and the resulting solution was in-
cubated for 20 min at 35 °C. Then the reaction solutions were
tested following the procedure for H,O, detection.

Preparation of GOx/ZIF-8-PDA-STV composite

In a typical experiment, an aqueous solution containing HmIm
(160 mM, 5 mL) and GOx (2.5 mg, 500 uL) were mixed with a
separate aqueous solution of zinc acetate (40 mM, 5 mL) and
stirred at room temperature for 30 min [19]. The mixture solu-
tion instantaneously turned from transparent to opaque. The
solution was recovered by centrifugation at 8000 rpm for
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Fig.1 Schematic illustration of (a) monitoring of GOx activity based on
AuNCs-iron(Il) system, (b) preparation of GOx/ZIF-8-PDA-STV
composite, and (¢) GOx/ZIF-8-based fluorescence immunoassay for the
galectin-4 detection

10 min, washed with water for three times and freeze-dried.
The resulting GOx/ZIF-8 composite (5 mg) was re-dispersed
in 2 mL water. For coating of the PDA shell, 200 uL. GOx/ZIF-
8 composite solution was incubated in the freshly prepared
dopamine (0.5 mg'mL ") in Tris-HCI buffer (10 mM, pH 8.5)
under shaking for 1 h at room temperature. The solution was
then centrifuged to remove unreacted reagents. The GOx/ZIF-
8-PDA composite was linked with streptavidin by incubating
with streptavidin (1 mg-mL™", 2 uL) in Tris-HCI buffer
(10 mM, pH 8.5) overnight with gentle stirring [29]. After
centrifuging, the GOx/ZIF-8-PDA-STV composite was resus-
pended into 200 pL. 0.1 wt% BSA and stored at 4 °C until use.

The procedure of GOx/ZIF-8-based fluorescence
immunoassay for galectin-4

The immunoassay detection was performed as the following
steps. Firstly, the microplate was coated with 50 uL of
galectin-4 with different concentrations in coating solution
(0.05 M sodium carbonate buffer, pH 9.6) at 4 °C overnight.
After rinsing with phosphate buffer (PB) for 3 runs, 300 uL 1%
BSA in PB was added into each well as blocking agent and
incubated at 37 °C for 2 h. After that, 50 uL of biotinylated
galectin-4 detection antibody (500 ng'mL ") were added to
each well. The plate was incubated at 37 °C for another 1 h,
followed by washing with PBST buffer (10 mM PB, 8 gL'
NaCl, 0.2 g~L71 KCl and 0.05% (v/v) Tween-20, pH 7.4) for
three rounds. Then, 50 uL of GOx/ZIF-8-PDA-STV composite
(~50 ug-mLfl) solution was added into each well, and incubat-
ed at 37 °C under shaking for 1 h. The plate was washed three
times, and 100 uL of glucose (5 mM) solution was added to

each well for 20 min at 35 °C. Finally, the reaction solution was
tested following the procedure for H,O, detection.

The fluorescence intensity at 610 nm was used to evaluate
the performance of this method. To investigate the selectivity
of the assay, galectin-1, galectin-3, GPC-3, AFP and HSA as
control proteins were analyzed respectively by this assay un-
der the same conditions used for galectin-4 detection.

The preparation of cell lysates

Human hepatocellular carcinoma cells (MHCC97L) were
kind gifts from the Second Military Medical University of
China (Shanghai, China) and cultured in DMEM medium
supplemented with 10% FBS, 100 U-mL™" penicillin, and
100 ug'mL ™" streptomycin at 37 °C in a humidity atmosphere
(5% CO,). The galectin-4 is highly expressed in MHCC97L
cells. To reduce its expression, ShRNA (shGal4, 5-GGAA
AGTCCCCGTTTATGAAA-3') targeted for galectin-4 were
transfected into the MHCC97L cells using Lipofectamine
2000 according to the manufacturer’s instructions. After 6 h
of transfection, the culture medium was replaced by fresh
DMEM and the cells were further cultured for 48 h. After that,
transfected and control cells were lysed in NP40 Buffer
(50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA,
1% NP40) containing protease inhibitor cocktail (Thermo
Scientific, www.thermo.com.cn) for 10 min on ice. The cell
lysates were centrifuged at 4 °C for 15 min to remove
insoluble materials. After boiling for 5 min, the supernatant
was analyzed by SDS-PAGE and Western blot analysis with
anti-3-actin and anti-galectin-4 antibodies.

Results and discussion
Principle of GOx/ZIF-8-based fluorescence immunoassay

Fig. la illustrates a phenomenon that the fluorescence of
AuNCs is quenched in the presence of glucose oxidase
(GOx) and Fe?*. We noted that GOx-catalyzed oxidation of
[3-D-glucose leads to the formation of H,O,. The generated
H,0, can react rapidly with Fe** to produce *OH, which leads
to the fluorescence quenching of AuNCs. Thus, the AuNCs-
iron(Il) system can be performed for monitoring of GOx ac-
tivity. To employ the above phenomenon into immunoassay,
streptavidin-modified GOx/ZIF-8 composite (GOx/ZIF-8-
PDA-STV composite) as signal-transduction tag was first pre-
pared. The synthesis route is shown in Fig. 1b. Firstly, numer-
ous GOx were encapsulated into the ZIF-8 MOFs via a bio-
mimetic mineralization process. Then the formed GOx/ZIF-8
composite was coated with polydopamine (PDA) on its sur-
face, and finally streptavidin was immobilized on the PDA
shell by Michael addition or Schiff base reaction. Fig. 1c dis-
plays the schematic representation of the GOx/ZIF-8-based
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fluorescence immunoassay toward target galectin-4. When
target protein galectin-4 is present on the microplate, it binds
specifically biotinylated anti-galectin-4 detection antibody.
And then GOx/ZIF-8-PDA-STV composite was connected
to biotinylated antibody to result in an antibody-GOx/ZIF-8-
PDA-STV composite. So, the amount of the connected com-
posites is related to the concentration of galectin-4. When in
the presence of glucose and Fe**, the fluorescence of AuNCs
is quenched, which in turn can be used to quantify the detec-
tion targets. Since GOx/ZIF-8-PDA-STV composite can react
with any biotinylated biomolecules through a biotin-
streptavidin interaction, the immunoassay is expected to pro-
vide a sensitive platform for the detection of most of target
proteins and biomarkers.

Synthesis and characterization of AuNCs

The AuNCs were synthesized using GSH as reducing-cum-
protecting agent following the previous reports [28]. The size
of AuNCs is about 2—4 nm, as shown in TEM image (Fig. S1).
The spectroscopic properties of AuNCs were also studied
(Fig. 2). There is a shoulder peak at about 400 nm in the
UV-vis spectrum of AuNCs, while the fluorescence emission
spectrum shows a band centered at about 610 nm upon exci-
tation at 375 nm. These characteristics are well matching with
those reported in the literatures for AuNCs [28], which con-
firms the successful synthesis of AuNCs.

Measurement of H,O, and GOx activity
in the AuNCs-iron(II) system

Among various hROS, *OH is considered as the most effec-
tive fluorescence quencher of AuNCs. The *OH can be pro-
duced by the Fenton reaction (Fe**+H,0, — Fe>*+ «OH +
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Fig. 2 The UV-vis (blue) and fluorescence emission (red) spectra of
AuNCs. Inset: photograph of AuNCs under daylight and UV light illu-

mination. Excitation and emission wavelengths of AuNCs is 375 nm and
610 nm
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OH ) through simply mixing ferrous ions with H,O,. Hence,
we employed *OH as a model hROS. The fluorescence re-
sponse of AuNCs to *OH was depicted in Fig. 3a. In the
presence of Fe?* and H,0,, the fluorescence of AuNCs was
strongly quenched (by ~80%), which suggests the highly sen-
sitive responsiveness of AuNCs to *OH. In a control experi-
ment, using only Fe** or H,O, shows negligible effect on the
fluorescence intensity. This result is consistent with those de-
scribed in the literatures [25, 30]. Based on the sensitive fluo-
rescence quenching in response to *OH, AuNCs can be chose
as a promising probe for H,O, detection. Upon addition of
H,0, with different concentrations into the AuNCs-iron(II)
system, the fluorescence at 610 nm decreased with the increas-
ing H,O, level in the solutions (Fig. 3b). This system allows
for the detection of H,O, at concentration as low as 0.2 uM
(Fig. 3¢). The results indicate the feasibility of AuNCs-iron(II)
system to measure H,O, quantitatively.

The enzymatic activity of GOx can be evaluated in the
AuNCs-iron(Il) system based on the GOx-catalyzed oxidation
of glucose to produce H,O,. To verify the viability of the
design to monitor GOx activity, several control tests were
performed, the results are recorded in Fig. 4a. As expected,
the fluorescence intensity of AuNCs obviously decreased after
the addition of both GOx and glucose (curve d in Fig. 4a). For
comparison, when GOx or glucose was absent in the detection
system, almost no fluorescence change can be measured
(curve b and c in Fig. 4a). The following parameters were
optimized: (a) Temperature and (b) Catalytic time.
Respective data and figures are given in the Electronic
Supporting Material. We found the following experimental
conditions to give best results: (a) A temperature of 37 °C
(Fig. S2) and (b) Catalytic time of 20 min (Fig. S3). Under
the optimized reaction conditions, we observed that the fluo-
rescence intensity of AuNCs was highly related to the concen-
tration of GOx (Fig. 4b, ¢). As low as 0.02 pg'-mL ™" GOx can
be detected. It demonstrates the potential of AuNCs for sensi-
tive detection of H,O,-related oxidases.

Fabrication and evaluation of GOx/ZIF-8-PDA-STV
composite

Owing to the good responsive behavior of GOx toward the
AuNCs-iron(Il) system, we attempted to introduce this ap-
proach into immunoassay. We synthesized the GOx/ZIF-8-
PDA composite as signal probe. The GOx/ZIF-8 composite
was prepared by simply mixing 2-methylimidazole solution,
zinc acetate solution and GOx together at room temperature
for 30 min. In the growth process, GOx was applied to induce
the ZIF-8 coating formation and simultaneously encapsulated
into the ZIF-8 with almost maintenance of bioactivity [19,
31]. For the purpose of the streptavidin modification, the
GOx/ZIF-8 composite was incubated with dopamine in weak
alkaline buffer to form PDA shell on its surface. The TEM
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Fig. 3 a The fluorescence intensity of a) AuNCs, b) AuNCs +10 uM
Fe?*, ¢) AuNCs +20 uM H,0,, and d) AuNCs +10 uM Fe?*+20 uM
H,0,. b The fluorescence intensity of AuNCs in the presence of 10 uM
Fe?* and H,0, (0,0.2,0.5, 1,2, 5, 10, 20, 30, 40, 50 uM). ¢ The 1-F/F0

images in Fig. S4 exhibit the morphology of GOx/ZIF-8
composite and GOx/ZIF-8-PDA composite. The size of
GOx/ZIF-8-PDA composite ranges from 400 nm to
600 nm. And a grey PDA shell with well-defined configura-
tion and homogeneity is readily observed on the surface of
GOx/ZIF-8 composite. Fourier transform infrared spectrosco-
py (FTIR) was employed to ascertain the entrapping of en-
zyme GOx into ZIF-8. In the FTIR spectrum (Fig. S5), both
GOx/ZIF-8 composite and GOx/ZIF-8-PDA composite
showed stretches characteristic of GOx at ~1640-
1660 cm ', which is mainly attributed to C = O stretching
mode of amide I [32]. The powder X-ray diffraction (PXRD)
measurement indicates that the crystallinity of the GOx/ZIF-8
composite is unchanged compared to that of ZIF-8 (Fig. S6).
Moreover, from the photograph shown in Fig. S7, the GOx/
ZIF-8 composite presents light yellow, which is the charac-
teristic color of GOx, rather than the pure white of ZIF-8.
After the coating of PDA, the color of composite turns from
light yellow to black. This fact confirms again the successful
synthesis of GOx-encapsulated ZIF-8 composite.

Wavelength (nm)

H,0, Concentration (uM)

values were plotted against various concentrations of H,O,. FO and F are
the emission fluorescence intensities of AuNCs at 610 nm in the absence
and presence of H,O,. Error bar: standard deviations of three independent
measurements

Activity loss often causes the reducing of sensitivity of the
enzyme immunoassays. So, it is necessary to evaluate the
enzymatic activity of GOx embedded in the GOx/ZIF-8-
PDA composite. As desired, the fluorescence of AuNCs was
still efficiently quenched in the presence of GOx/ZIF-8-PDA
composite (curve d in Fig. S8a). Conversely, no obvious fluo-
rescence quenching occurred for the ZIF-8-PDA composite
(curve c in Fig. S8a). As seen in Fig. S8b, the fluorescence
of AuNCs was found to gradually decrease with increasing the
concentration of GOx/ZIF-8-PDA composite. The result
above is concluded that GOx embedded in the GOx/ZIF-8-
PDA composite possesses high enzymatic activity and GOx/
Z1F-8-PDA composite can be an appealing signal-
transduction probe for immunoassays.

Analytical performance of fluorescence immunoassay
for galectin-4 detection

The prepared GOx/ZIF-8-PDA composite is employed as
signal-transduction tag for the detection of target galectin-4

a C
500 500 1.0
~ 400 ~ 400-
5 E
3 3 =)
2. 300 <. 300- =
7 = =
£ 2001 $ 200 —
E E
1004 100
04— . , . 04— . . . . : . —
550 600 650 700 550 600 650 700 0 2 4 6 8 10

Wavelength (nm)

Fig. 4 a The fluorescence intensity of a) AuNCs, b) AuNCs +10 uM
Fe** + 5 mM glucose, ¢) AuNCs +10 uM Fe** + 10 pg'mL ™" GOx, and
d) AuNCs +10 uM Fe** + 5 mM glucose +10 pg'mL ™' GOx. b The
fluorescence intensity of AuNCs towards different concentrations of
GOx (0, 0.02, 0.05, 0.1,0.2,0.5, 1,2, 5, 10 ugmL*]) in the present of

Wavelength (nm)

GOx Concentration (ug mL l)

5 mM glucose and 10 uM Fe?*. ¢ The 1-F/F0 values were plotted against
various concentrations of GOx. FO and F are the emission fluorescence
intensities of AuNCs at 610 nm in the absence and presence of GOx.
Error bar: standard deviations of three independent measurements
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Fig. 5 a Fluorescence response of immunoassays with target galectin-4
with concentrations of 0, 0.01, 0.05, 0.1, 0.5, 1, 2, 5, 10, 20 ng-mLfl. b
The intensity change (1-F/FO0) plotted against various concentrations of
galectin-4. Inset: the resulting calibration curve of logarithm of galectin-4

with a single-antibody immunoassay by using the AuNCs-
iron(IT) system. Galectin-4 standards with different concentra-
tions were determined by using the designed immunoassay.
As shown in Fig. 5a, the fluorescence intensity of the AuNCs
decreased with the increasing galectin-4 concentration from
0.01 to 20 ng'mL"". Higher concentrations of galectin-4
corresponded to higher amounts of GOx/ZIF-8-PDA compos-
ite captured in the plates, leading to produce more *OH to give
a fluorescence quenching signal. By collecting the fluores-
cence intensity of the system at 610 nm for each solution,
we obtained a calibration curve by using a curve-fitting pro-
cedure (Fig. 5b). A pseudolinear relationship between the in-
tensity change and the logarithm of galectin-4 level can be
fitted to the points from 0.01 to 5 ng'mL ™", with a calibration
function of y = 0.10245/ogx + 0.23391, R = 0.99054. It per-
mits detection of as low as 10 pgmL ™" galectin-4. Table S1
presents that the analytical properties of GOx/ZIF-8-based
fluorescence immunoassay are compared with other reported
methods for the galectin-4 detection. We presume that the high
sensitivity is due to the effective loading of GOx in the ZIF-8
and the remarkable catalytic activity of embedded GOx.
Moreover, the high sensitive responsiveness of AuNCs to
*OH is also crucial to the enhanced detectable signal in the
immunoassay.

To assess the selectivity of this immunoassay, selectivity
experiment was performed using 1 ng'-mL ™" of galectin-4 and
10 ng-mL_1 of galectin-1, galectin-3, GPC-3, AFP and HSA,
respectively. The reason for the use of these non-target pro-
teins as control is that they usually coexist in the human serum
samples and may cause potential interference in the detection
of galectin-4. As shown in Fig. 6, the target galectin-4 resulted
in the effective quenching of the fluorescence of AuNCs be-
cause of the specificity of antibody toward its target protein. In
contrast, there was no obvious responsiveness of AuNCs-
iron(I) system toward the non-specific proteins even those
with 10 times higher concentrations. This result clearly shows
that the immunoassay exhibits high selectivity toward the
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target protein. Furthermore, the GOx/ZIF-8-PDA composite
can be implemented as a selective platform against other pro-
teins and DNA.

Analytical applications in real samples

To verify the applicable potential of the fluorescence immu-
noassay for real samples, analysis of galectin-4 in cancer cell
lysate was implemented. Galectin-4 is highly expressed in
MHCCI7L cells. RNAI experiments for gene silencing were
carried out to knock down the endogenous expression of
galectin-4. From the Western blot analysis depicted in the
inset of Fig. 7, the expression of galectin-4 was obviously
reduced after gene silencing. The lysate of gene silenced cells
and MHCCO97L cells lysates with different concentrations of
galectin-4 were tested in the fluorescence immunoassay. As
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Fig. 6 Selectivity of the fluorescence immunoassay against galectin-4
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the emission fluorescence intensities of AuNCs at 610 nm in the absence
and presence of different proteins. Error bar: standard deviations of three
independent measurements
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Fig. 7 Fluorescence response of immunoassays for analyzing the lysates
of gene silenced cells and MHCC97L cells lysates after addition of
different concentrations of galectin-4 (0, 100 pg'mL ™', 1000 pgrmL ™).
The inset images represent the Western blot analysis of galectin-4 expres-
sion in MHCC97L cells and the gene silenced cells. 3-Actin serves as a
control for equal protein loading

shown in Fig. 7, MHCCO97L cells lysate exhibits obviously
higher signal change than that of gene silenced cells due to the
higher expression of galectin-4 in MHCC97L cells. The signal
change can be further enhanced with increasing the concen-
tration of galectin-4 in MHCC97L cells lysate. These results
demonstrate that this fluorescence immunoassay is capable of
detecting target protein in cell lysates, showing potential ap-
plication in real samples.

Conclusions

In summary, the GOx/ZIF-8-PDA composite was successfully
fabricated via a biomimetic mineralization process and a po-
lymerization reaction of dopamine. It holds significant advan-
tages including costly preparation, good stability, and high-
efficiency loading protein content. Importantly, GOx encap-
sulated in the MOFs displays a remarkable enzymatic activity,
which has an essential role for the signal amplification. Based
on it, we developed a fluorescence immunoassay using GOx/
ZIF-8-PDA composites and AuNCs-iron(Il) system, permit-
ting detection of as low as 10 pg'mL ' galectin-4. Beside the
effective catalytic activity of GOx/ZIF-8-PDA composite, the
superior sensitivity of the immunoassay can be attributed to
the highly sensitive responsiveness of AuNCs to *OH.
Furthermore, the immunoassay presents high selectivity to-
wards galectin-4. Although only galectin-4 is used as a
proof-of-concept, this immunoassay strategy is generalizable

to be readily extended to other ELISA systems for some low-
abundance proteins and biomarkers.
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