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Catalytic  hemin  was  first  remolded  with  biomineralized  gold  to  form  Hemin-Au  core  and  further
encapsulated  into  the  Tb  metal  organic  framework  (MOF)  matrix.  The  so  obtained  Hemin-Au@MOF  com-
posites  could  possess  high  environmental  stability  and  especially  double  catalysis  activities  of enhanced
peroxidase-like  and  gold  catalysis.  Steady  state  kinetics  studies  indicate  that  Hemin-Au@MOF  could
present  much  higher  intrinsic  catalysis  and substrate  affinity  (lower  Michaelis  constants)  than  native
hemin  and even  natural  peroxidase.  Furthermore,  the  catalytic  composites  were  employed  for  labeling
antibodies  towards  the  sandwiched  immunoassays  for alpha-fetoprotein  (AFP)  as  a model  biomarker
of  cancers.  The  results  indicate  that  the  Hemin-Au@MOF-based  immunoassays  could  be  conducted
emin-Au@MOF composites
eroxidase-like catalysis
old catalysis
andwiched AFP immunoassays

by  two  signal  amplification  ways  of hemin-catalyzed  chromogenic  reaction  and  gold-catalyzed  silver
staining,  enabling  the  detection  of AFP  in blood  with  the  level  down  to  0.020  ng mL−1. Importantly,
the proposed  fabrication  protocol  combining  the  gold  biomineralization  and  MOF  encapsulation  routes
may  be  extended  for the fabrication  of a variety  of  enzymes  or enzymatic  mimics  with  the  improved
environmental  stability  and  multiple  catalysis  activities  for the  wide  catalysis  applications.

©  2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

The early diagnosis and therapy is of crucial importance for
ancers. However, the cancer-sensitive biomarkers, i.e., alpha-
etoprotein (AFP), for making the diagnostic decision at the early
tages may  generally possess extremely low levels in human body
uids like blood, thus making the analysis a formidable issue entail-

ng the sensitive and accurate detection methods [1]. Moreover,
FP is recognized to reflect the physiological state of a cancer
erving as a very popular and sensitive “molecular signature”. Too
igh AFP concentration in blood is a meaningful clinical symptom
f malignant tumors like liver cancer. Up to date, many ana-

ytical methods have been developed for the detection of AFP,

ost known as the enzyme-linked immune-sorbent assay (ELISA),
lectrochemical luminescence [2], localized surface plasmon res-

∗ Corresponding author.
E-mail address: huawangqfnu@126.com (H. Wang).

ttps://doi.org/10.1016/j.snb.2018.03.153
925-4005/© 2018 Elsevier B.V. All rights reserved.
onance [3], and colorimetric immunoassay [4]. Although these
classic detection protocols can possess high analysis sensitivity,
they are labor-intensive, time-consuming, and especially unsuit-
able for point-of-care analysis applications. Therefore, developing
a rapid, sensitive, selective, and field-applicable detection candi-
date for the AFP analysis is of great interest for the clinical early
diagnosis of various cancers.

There are two kinds of popular signal amplification ways of
ELISA and gold catalyzed silver staining (GCSS) in the sandwiched
immunoassays [5–8], which are also applied in the clinical lab-
oratory for the evaluation of AFP in blood. It is recognized that
the detection performances of these sandwiched analysis tech-
niques can largely depend on the performances of catalytic labels
of enzymes like horseradish peroxidase (HRP) or catalysts like gold
nanoparticles (AuNPs) in ELISA and GCSS, respectively [9–11]. Par-

ticularly, enzymes like HRP were even modified with AuNPs to
achieve the improved catalysis for the signal-amplified detections
of DNAs or proteins [12,13]. The practical applications of enzymes,
however, may  be limited by their intrinsic disadvantages such as

https://doi.org/10.1016/j.snb.2018.03.153
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.03.153&domain=pdf
mailto:huawangqfnu@126.com
https://doi.org/10.1016/j.snb.2018.03.153
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igh cost, harsh storage, and easy deactivation in water. Consider-
ble efforts have hence been devoted to the development of more
obust enzymes or enzymatic alternatives for the design of various
atalysis-based biosensors [14,15]. As the most interesting exam-
le, hemin, a cheap substitute of peroxidases commonly extracted
rom the active center of hemin-containing enzymes or catalytic
roteins, has been applied for a variety of biocatalysis applica-
ions [16,17]. Unfortunately, hemin in aqueous media may  still
uffer from some inherent limitations such as poor aqueous sol-
bility, ready destruction, and molecular aggregation (i.e., inactive
imers), showing the low catalysis activity [18]. As a result, some
esearchers have tried to improve the catalytic activity and aqueous
tability of hemin by the organic modification [19,20] or by anchor-
ng of some conductive materials [16,21,22]. For example, hemin

as coupled onto graphene to yield the hemin-graphene hybrid
howing improved catalysis activities [16]. Also, hemin was  cross-
inked with a protein scaffold to achieve the enhanced catalysis and
queous stability [20].

Moreover, the GCSS-based analysis methods are generally
stablished by using gold labels to catalyze the deposition of sil-
er elements [23,24], leading to the signal amplification towards
he sensitive biological detections [7,8,10,25,26]. Yet, the catalysis
ctivities of noble metal nanomaterials like AuNPs can substantially
epend on their particle sizes (i.e., smaller than 5.0 nm), known
s the “size effects” [27–31]. Chen and his workers utilized AuNPs
s the enzyme mimic  for the sensitive immunoassays [30]. Park’s
roup designed a hybrid structure of graphene-gold nanoparticles
or the visible detection of norovirus-like particles [31]. Willner’s
roup employed ultra-small AuNPs to modify enzymes serving as
he “biocatalytic ink” to grow metallic nanowires by way of the
CSS [32]. More recently, our group encapsulated gold “nanowires”

nto alkalline phosphatase achieving greatly enhanced catalysis
owards the GCSS-enabled signal amplification for ultrasensitive
NA analysis [8].

In recent years, metal-organic frameworks (MOFs) have concen-
rated increasing interests due to their unique porous structure,
igh surface areas, and tunable physicochemical properties
2,33,34]. In particular, functionalized MOFs have recently been
pplied as the functional carriers or coatings for the biosens-
ng detections [35–38]. For instance, Ju’s group employed DNA
unctionalized iron-porphyrinic MOF  as the probe for an electro-
hemical detection of lead ions [36]. Liang and co-works discovered
hat enzymes like HRP could induce the formation of protec-
ive MOF  coatings under physiological conditions, resulting in the
reatly enhanced environmental robustness of enzymes [37]. Also,
ang et al. reported an electrochemical immunoassay for C-reaction
rotein by using Cu-MOF-labeled antibody [38].

Inspired by these pioneering works above, in the present
ork, the cheap catalytic hemin was extracted from the hemin-

ontaining protein and then remolded with small AuNPs by the
n-site gold biomineralization route. The so yielded Hemin-Au
ore was further encapsulated into the porous Tb-metal organic
ramework (Tb-MOF) matrix to produce the Hemin-Au@MOF
omposites (Scheme 1). It was discovered that the obtained Hemin-
u@MOF could possess greatly improved environmental stability
nd especially the double catalysis activities of peroxidase-like
nd gold catalysis. Herein, the so biomineralized gold would act
s “nanowire” to promote the electron transferring of catalysis-
ctive sites of Hemin-Au@MOF. The catalysis performances of
emin-Au@MOF were investigated in comparison to those of
ative hemin and other peroxidases like HRP, including the kinet-

cs studies. Furthermore, the prepared Hemin-Au@MOF composites

ere employed as the catalytic labels for modifying antibodies in

he sandwiched immunoassays for AFP as a model biomarker of
ancers by two signal amplification ways of hemin-catalyzed chro-
ogenic reaction and gold-catalyzed silver staining. To the best of
tors B 266 (2018) 543–552

our knowledge, this is the first attempt of the successful synthesis
of robust enzymatic composites with high environmental stabil-
ity and substantially enhanced double catalysis activities for the
sandwiched immunoassays through combining the gold biominer-
alization and MOF  encapsulation routes.

2. Experimental section

2.1. Reagents and apparatus

Hemin, bovine serum albumin (BSA), 3,3′,5,5′-
tetramethylbenzidine (TMB), TMB-H2O2 chromogenic substrate,
chitosan (CS), and silver nitrate (AgNO3) were purchased from
Sigma-Aldrich (Beijing, China). Hydrogen tetrachloroaurate
(HAuCl4), citric acid, terephthalic acid disodium salt, TbCl3·6H2O,
ethanol, and phosphate buffer solution (PBS, pH 7.4) were obtained
from Aladdin Reagent Co., Ltd. (Shanghai, China). Bovine serum
albumin (BSA), alpha-fetoprotein (AFP), anti-AFP antibody were
purchased from Sinopharm Cheminical Reagent Co. (China), while
the Hemin-Au@MOF labeled anti-AFP antibody were prepared by
cross-linking chemistry. The blood samples were kindly provided
from the local hospital. Other chemicals were of analytical grade
and used without further purification. Deionized water (>18 M�)
was supplied from an Ultrapure water system (Pall, USA). Silver
deposition substrates consisting of AgNO3 (2.0 mM)  and vitamin C
(0.57 mM)  were applied for the gold-catalytic silver staining.

Colorimetric measurements of the catalytic activities of the
composites or enzymes were performed by a microplate reader
(Infinite M200 PRO, Tecan, Austria) and 96-well plates (JET BIOFIL,
Guangzhou, China). Transmission electron microscopy (TEM, FEI
Tecnai G20, USA) imaging operated at 100 kV was employed to
characterize the composites and nanomaterials. UV–vis absorption
spectra with 96-well plates were collected for enzymatic activ-
ity analysis using UV-3600 spectrophotometer (Shimadzu, Japan)
equipped with a thermostated holder. Thermostatic mixing was
performed by DF101 collector-type temperature magnetic stirrer
(Gongyi Corey Ltd.).

2.2. Synthesis of mimic enzymes of Hemin-Au@MOF composites

Hemin with biomineralized gold (Hemin-Au) cores were syn-
thesized by the hemin-templated in-site gold biomineralization
route according to the previous work [21]. Briefly, under vigorous
stirring, HAuCl4 (1.0 mL,  10 mM)  was  mixed with hemin solution
(1.0 mL,  0.80 mg  mL−1), followed by the addition of an aliquot of
NaOH (120 �L, 1.0 M).  After the mixture was stirred for 8 h at
37 ◦C, the Hemin-Au was dialyzed in water for 8 h using the dial-
ysis membranes with the pore size of 1.8 nm or molecular weight
of 20 KD, of which the cut-off particle size or molecular weight
was close to that of Hemin-Au. Finally, the so prepared Hemin-Au
cores were stored at 4 ◦C for future usage. The Hemin-Au prod-
ucts were separately characterized by TEM imaging and UV–vis
spectrophotometer. Furthermore, under vigorous stirring, the as-
prepared Hemin-Au cores (0.50 mL, 0.080 mg mL−1) were mixed
with TbCl3·6H2O solution (1.0 mL,  10 mM),  followed by the contin-
uous stirring at room temperature for 15 min. An aliquot of BSA
(10 mM)  was  added to the reaction solution to accelerate the for-
mation reactions of MOF. Then, terephthalic acid disodium salt
(1.0 mL,  10 mM)  was introduced to be vigorously stirred for 2 h
to form Hemin-Au@MOF composites. After being placed at 4 ◦C

overnight, the yielded composites were centrifuged by the freeze
drying (10000 r s−1, 30 min), subsequently, the precipitates of
Hemin-Au@MOF composites were collected and stored at 4 ◦C for
future usage.
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Scheme 1. Scheminatic illustration of (A) the fabrication procedure of Hemin-Au@MOF for labeling AFP antibody (Ab), including the hemin-mediated Au biomineriation
yielding Hemin-Au, the coating of Tb-MOFs forming Hemin-Au@MOF, and the labeling of AFP Ab; (B) the colorimetric detection procedure with 96-well plate for probing
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FP,  including the CS functionalization, Ab immobilization, BSA sealing, antibody-a
emin-Au-catalyzed reactions separately using chromogenic reaction substrates of

evels  in blood.

.3. Colorimetric studies on Hemin-Au@MOF

Typically, an aliquot of the prepared Hemin-Au@MOF compos-
tes was introduced into the TMB-H2O2 substrates to catalyze the
hromogenic reactions for 20 min, of which the blue reaction prod-
cts were monitored by recording the UV–vis absorbance values at
52 nm using 96-well plates. The main conditions for the synthesis
f Hemin-Au@MOF composites were first optimized using different
olar ratios of hemin to Au dosages (81/5000, 81/2500, 81/1250,

1/1000, 81/625, 81/500, 243/1250, and 243/1000) and Hemin-Au
o Tb-MOF (13/250, 13/500, 13/1000, 13/1500, 13/2000, 13/2500,
3/3000, 13/4000, and 13/5000). Moreover, the Hemin-Au@MOF-
atalysis reaction conditions were performed using TMB-H2O2
ubstrates at different hemin dosages (0.025, 0.05, 0.15, 0.25, 0.35,
.45, 0.50, 0.625, 0.75, 0.85, and 1.0 mg  mL−1), ionic strength (0.020,
.040, 0.050, 0.060, 0.080, 0.10, 0.12, 0.15, 0.18, and 0.20 M),  reac-
ion temperature (0, 10, 20, 30, 37, 45, 60, and 75 ◦C), and pH values
2, 4, 6, 8, 10, 12, and 14). Meanwhile, the colorimetric investi-
ations were carried out accordingly for exploring the enzymatic
atalysis activities of Hemin-Au@MOF composites separately com-
aring to native hemin and Hemin-Au, each containing the same
oncentration of hemin, which was determined according to the
esults of the UV–vis absorbance measurements by referring to the
lotted standard hemin concentration-absorbance curves. Further,
he investigations of catalysis stability of Hemin-Au@MOF compos-
tes were carried out including the catalytic reaction and storage
ime. In addition, the steady state kinetic studies by colorimetric

easurements were comparably conducted for Hemin-Au@MOF
omposite and native hemin, each containing 2.0 �g mL−1 hemin,

here 4.41 mM H2O2 or 0.42 mM TMB  was used alternatively at

 fixed concentration of one substrate versus varying concentra-
ions of the second substrate. Subsequently, the Lineweaver-Burk
 immunoreaction, immune-recognition with Hemin-Au@MOF labeled Ab, and the
H2O2 and Ag deposition, showing the high-throughput analysis for AFP of different

plots were performed for calculating the Michaelis-Menten con-
stants, where the double-reciprocal plots for kinetic catalysis of
Hemin-Au@MOF were carried separately by using various TMB
concentrations at three fixed H2O2 concentrations (0.50, 3.5, and
7.5 mM)  and the diverse H2O2 concentrations at three fixed TMB
concentrations (0.28, 0.55, and 0.75 mM).

2.4. The 96-well plates-based immunoassays for AFP in blood

The synthesis of Hemin-Au@MOF-labeled anti-AFP antibod-
ies was firstly performed by the activation of Hemin-Au@MOF
with free carboxyl groups for cross-linking anti-AFP antibodies.
Briefly, the EDC/NHS mixture (0.10 M,  pH 5.0) was added to the
Hemin-Au@MOF solution (0.016 mg  mL−1) to be incubated at room
temperature for 30 min. After being washed twice, the activated
Hemin-Au@MOF composites were mixed with anti-AFP antibody
(3.0 �g mL−1) to be incubated at 4 ◦C overnight, followed by being
washed twice. Furthermore, the optimization of main immunoas-
say conditions for probing AFP was  performed using different
Hemin-Au@MOF concentrations (0.25, 0.50, 0.75, 1.0, 1.25, 1.5,
1.75, and 2.0 mg  mL−1), hybridization time (10, 20, 30, 40, 50, 60,
70, and 80 min), AgNO3 dosages (0.25, 0.50, 1.0, 1.25, 1.5, 1.75, 2.0,
2.25, 2.5, 2.75, and 3.0 mM),  and silver deposition time (2, 4, 6, 8, 10,
12, 14, and 16 min). Subsequently, the sandwiched immunoassays
with the 96-well plates were conducted for different concentra-
tions of AFP spiked in blood. Basically, the substrates of 96-well
plates were first modified with CS to be derivatized with amine
groups for the further covalent immobilization of anti-AFP anti-

body. An aliquot of anti-AFP antibody (0.30 g mL−1) containing 2.5%
glycerol and 0.0040% triton X-100 was  separately dropped on the
testing wells to be incubated for 8 h at room temperature. After
being rinsed twice with PBS, 0.10% BSA was used to be incubated
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Fig. 1. TEM images for (A) Hemin-Au (insert: a particle with magnitud

or 1 h to block any active points that might conduct the nonspecific
rotein binding. Furthermore, an aliquot of human AFP of various
oncentrations in blood was separately added to the testing wells
o be incubated for 1 h at 37 ◦C. After being rinsed with 0.010 M
BS twice, an aliquot of Hemin-Au@MOF-labeled anti-AFP antibody
3.0 �g mL−1) was separately introduced to be further incubated for

 h at 37 ◦C, and then washed twice. Subsequently, the colorimet-
ic AFP detections were conducted for the silver deposition-based
mmunoassays with 96-well plates separately using an aliquot of
MB-H2O2 substrates and silver deposition substrates.

. Result and discussion

.1. Synthesis and characterization of Hemin-Au@MOF
omposites

It has been widely recognized that hemin as the active cen-
er of hemin-containing proteins can possess the peroxidase-like
atalysis, but may  encounter with some inherent limitations afore-
entioned, leading to considerably low catalysis activity and

nvironmental robustness [16]. In the present work, hemin was
mployed as the stabilizer and reducing scaffold for the in-site
iomineralization of small gold to form the Hemin-Au core, and
urther shelled with the protective skeletons of Tb-MOF matrix to
orm Hemin-Au@MOF composites, with the main fabrication route
chematically illustrated in Scheme 1A. Herein, Au ions would first
eact with the functional groups of hemin scaffold like pyrroles, and
hen in site biomineralized to yield the Hemin-Au cores. Further,
he Tb metal precursor was introduced to chelate with the car-
oxyl group of hemin of Hemin-Au to form a complex, followed by
he reaction with terephthalic acid disodium, yielding the Hemin-
u@MOF composites with free carboxyl groups. On the one hand,

he biomineralized gold would act as “nanowires” to promote the
lectron shuttling of the catalysis-active site of hemin in Hemin-
u@MOF composites. On the other hand, they would substantially
ause the conformational change of Hemin-Au@MOF to create the
eactivity pathways for pre-organizing more substrates to the catal-
sis active sites [21]. Meanwhile, the MOF  shelled on the Hemin-Au
ores would serve as the protective skeletons to guarantee the
mproved catalysis properties and high environmental robustness
f Hemin-Au. Furthermore, the so prepared Hemin-Au@MOF com-
osites would be expected to present the double catalysis activities
f peroxidase-like and gold catalysis to serve as the catalytic labels

or modifying anti-AFP antibody (Ab). A high-throughput sand-
iched colorimetric immunoassay method with 96-well plates was

hereby developed for probing AFP in blood separately through
he two signal amplification ways of ELISA and GCSS. As shown
lified view), (B) Hemin-Au@MOF, each containing 2.0 �g mL−1 hemin.

in Scheme 1B, AFP in blood would be first captured by anti-AFP Ab,
which was immobilized on the chitosan (CS) derivatized 96-well
plates, followed by the further recognition of Hemin-Au@MOF-
labeled anti-AFP Ab. Subsequently, either of the hemin-catalyzed
TMB-H2O2 chromogenic reaction or gold-catalyzed silver deposi-
tion route was conducted for the 96-well plates-based sandwiched
immunoassays for AFP in blood.

The topological structure of the developed Hemin-Au@MOF
composites was  characterized by transmission electron microscope
(TEM) imaging (Fig. 1). One can note from Fig. 1A that Hemin-Au
cores were highly uniform and well dispersed in water, show-
ing an average particle size of about 2.0–3.0 nm in diameter. The
catalysis-active hemin could be anchored onto the biomineralized
gold with clear crystalline lattices as apparently manifested in the
magnitude-amplified view (Fig. 1A, insert). Furthermore, as can be
seen from Fig. 1B, the obtained Hemin-Au@MOF composites could
be formed to exhibit the well-defined particles with the size of
about 200 nm in diameter, thus promising the GCSS-based colori-
metric immunoassay for AFP as demonstrated afterwards.

Moreover, UV–vis spectra were recorded for the developed
Hemin-Au@MOF composites by taking native hemin and Tb-MOF
as the comparison (Fig. 2A). One can note that Hemin-Au@MOF
composites (curve d) could include the absorption peaks of hemin
(curve b, about 385 nm)  and biomineralized gold compound (about
330 nm), so did the Hemin-Au cores (curve c), thus confirming the
successful reconstitution of Hemin-Au@MOF. Of note, the Tb-MOF
(curve a) could show no apparent surface plasmon resonance over
the measured absorbance range.

3.2. Colorimetric investigations of Hemin-Au@MOF composites

Colorimetric studies were carried out for the catalysis perfor-
mances of Hemin-Au@MOF composites by comparing to native
hemin and Hemin-Au (Fig. 2B). The results of the catalytic TMB-
H2O2 reactions indicate that Hemin-Au@MOF could display over
four-fold stronger catalysis activity than native hemin, but approx-
imate to that of Hemin-Au, as clearly witnessed in the photographs
of the reaction product solutions (insert). At the meantime,
Hemin-Au@MOF can present the gold catalysis for catalyzing the
silver deposition, as also disclosed in the photographs of sliver
staining products of sliver staining products showing the cor-
responding UV–vis absorption. Herein, the biomineralized gold
of Hemin-Au@MOF would accelerate the electron transferring of

Hemin-Au@MOF, together with enhanced affinity for the reactive
substrates aforementioned. In addition, the encapsulated gold of
Hemin-Au@MOF could catalyze the silver deposition reaction to
facilitate the GCSS-based immunoassay, which would achieve more
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Fig. 2. (A) UV–vis spectra of (a) MOF  (Tb), (b) Hemin, (c) Hemin-Au, and (d) Hemin-Au@MOF, with the photographs of corresponding catalytic materials (insert), (B) The
a lank, (b) Hemin, (c) Hemin-Au, (d) Hemin-Au@MOF, and (e) Hemin-Au and (f) Hemin-
A 7 mM vitamin C), with the photographs of corresponding product solutions (insert) and
e cates.
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Table 1
Comparison of dynamic catalysis parameters among hemin, Hemin-Au@MOF, and
HRP documented in catalyzing the TMB-H2O2 reactions.

Catalysis materials Substrates Km (mM)

Hemin TMB  5.23
Hemin-Au@MOF TMB  2.67
HRP TMB  0.434
Hemin H2O2 4.06
ctivities in catalyzing TMB-H2O2 (1.6 mM H2O2, 0.62 mM TMB) reactions of (a) b
u@MOF-catalyzed silver deposition (10 mM Hemin-Au@MOF, 2.0 mM AgNO3, 0.5
ach  containing 2.0 �g mL−1 hemin. All results were the average values of five repli

han about 2.3 times higher responses than those of the ones using
emin-Au label. Therefore, the developed Hemin-Au@MOF com-
osites could possess the enhanced double catalysis activities of
eroxidase-like and gold catalysis for the catalysis-based sand-
iched immunoassays for AFP afterwards.

.3. Optimization of the main conditions of the fabrication of
emin-Au@MOF catalysts

The main experimental conditions for the synthesis of Hemin-
u@MOF composites were optimized with the results shown in
ig. 3. Apparently, the catalysis performances of Hemin-Au@MOF
omposites could depend on the molar ratios of hemin to Au used
n the synthesis reactions, showing the optimal catalysis at the one
f 81/625 (Fig. 3A). Meanwhile, the dosages of Hemin-Au to Tb-
OF for the synthesis of Hemin-Au@MOF were explored (Fig. 3B).
ne can find that the Hemin-Au to Tb-MOF ratio of about 13/2000

hould be the optimum one to be selected for forming Hemin-
u@MOF composites.

Colorimetric studies were conducted on the peroxidase-like
atalysis activities of Hemin-Au@MOF composites in comparison
ith native hemin and Hemin-Au under different reaction condi-

ions, mainly including the dosages of hemin, ion strengths, pH
alues, and temperature (Fig. 4). It was found that the Hemin-
u@MOF could display the same dosage-dependent catalysis
ehavior as Hemin-Au and native hemin, except for much higher
atalysis ability (Fig. 4A). Also, both of them could allow for the cat-
lytic TMB-H2O2 reactions occurring at the optimal ion strength of
.10 M NaCl (Fig. 4B), temperature of about 37 ◦C (Fig. 4C), and pH
.0 (Fig. 4D), which are well consistent with these real conditions
f the biological systems. More importantly, the Hemin-Au@MOF
ay  maintain high catalytic activities over a wide range of tempera-

ure and pH values, showing the wonderful applicability for various
atalysis applications. Furthermore, Fig. 5A reveals that the Hemin-
u@MOF could display much faster catalysis reaction than native
emin but similar to Hemin-Au. Much improved storage stabilities
f Hemin-Au@MOF could also be expected, showing no signifi-

ant change of catalysis performances when stored in water up to
ne year (Fig. 5B). These results indicate that the prepared Hemin-
u@MOF could exhibit much enhanced double catalysis activities
nd high environmental stability in the five replicated tests.
Hemin-Au@MOF H2O2 2.58
HRP H2O2 3.70

3.4. Studies on steady-state catalysis kinetics of Hemin-Au@MOF

Colorimetric dynamic studies were performed for the devel-
oped Hemin-Au@MOF using the TMB-H2O2 reaction system, taking
native hemin as the comparison (Fig. 6). Fig. 6A describes that
the Hemin-Au@MOF could facilitate much better catalytic perfor-
mances than native hemin in terms of catalytic reaction rates and
response range of H2O2 concentrations. In particular, the developed
composites could tolerate toxic H2O2 up to 35 mM without any
significant change of catalysis activities. Also, the Hemin-Au@MOF
could display much better catalysis responses in the TMB-H2O2
reactions with various TMB  concentrations (Fig. 6B). Furthermore,
kinetic parameters of steady-state catalysis were obtained for the
Hemin-Au@MOF in comparison with native hemin (Fig. 6C and
D). Herein, the apparent Michaelis constants (Km) were calcu-
lated by using Lineweaver-Burk plots of the double reciprocal of
the Michaelis-Menten equation, of which the double reciprocal
curves involved were comparably shown for varying substrates of
H2O2 and TMB. The so yielded kinetic parameters are compara-
bly summarized in Table 1. Accordingly, the apparent Km for TMB
substrate of Hemin-Au@MOF (2.67 mM)  was  much lower than that
of native hemin (5.23 mM),  indicating that Hemin-Au@MOF may
possess a higher affinity for TMB. Moreover, the Km of Hemin-
Au@MOF for H2O2 substrate (2.58 mM)  is also much lower than
that of native hemin (4.06 mM).  Additionally, comparing to other
kind of hemin composites like hemin-graphene hybrids reported
elsewhere [16], the as-prepared Hemin-Au@MOF could display a
lower Km for TMB  substrate and appropriate Km for H2O2 substrate.
Furthermore, the possible catalysis mechanism of Hemin-Au@MOF

was investigated for catalyzing the TMB-H2O2 reaction. The double
reciprocal plots of initial velocities against three fixed concentra-
tions of one substrate were obtained over a range of concentrations
of another substrate separately for TMB  and H2O2 (Fig. 6E and F).
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Fig. 3. Colorimetric investigation on the main conditions for the synthesis of Hemin-Au@MOF with the catalysis activities depending on (A) Hemin to Au molar ratios and
(B)  Hemin-Au to MOF molar ratios, where the synthesis of Hemin-Au@MOF were performed using different molar ratios of hemin (0.13 mM),  HAuCl4 (1.0 mM), and Tb-MOF
(10  mM).
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ig. 4. The optimization of catalysis reaction conditions of the Hemin-Au@MOF-ba
oncentrations; (C) different temperature, and (D) pH values, taking hemin and Hem

s expected, the characteristic catalysis of Hemin-Au@MOF could
eature a ping-pong mechanism, as confirmed elsewhere for HRP
39]. Therefore, these data demonstrate that the developed Hemin-
u@MOF could present stronger peroxidase-like catalysis activity

han native hemin, thus promising for a broad range of catalysis
pplications.

.5. Optimization of the main conditions for the
emin-Au@MOF-based AFP immunoassays

The colorimetric investigations were conducted for optimizing
he experimental conditions for the AFP immunoassays with the
ignal amplification by the exemplified GCSS route (Fig. 7). It was

iscovered that the absorbance values could depend on the dosages
f Hemin-Au@MOF, showing the most suitable concentration of
.0 mg  mL−1 (Fig. 7A). Also, the sandwiched immune-reaction time
as explored (Fig. 7B). Obviously, the absorbance of deposited sil-
lorimetric analysis including (A) different hemin concentrations; (B) different NaCl
u as the comparison. All results were the average values of five replicates.

ver could tend to be steady after 50 min, which is thus chosen for the
immune-reactions. Furthermore, investigations were carried out
on the amounts of AgNO3, with the data manifested in Fig. 7C. One
can find that the silver signals could increase with the increasing
concentrations of AgNO3 till reaching the constant responses up to
2.0 mM.  In addition, Fig. 7D displays the deposition time-dependent
silver signals, showing that 10 min  is enough for the silver deposi-
tion. Accordingly, the existence of Au in the Hemin-Au@MOF could
not only help to enhance the catalysis activity of Hemin-Au@MOF
aforementioned, but also act as the catalyst for catalyzing the silver
deposition reaction so as to facilitate the GCSS-based colorimetric
immunoassays for AFP.
3.6. Preliminary catalysis applications in immunoassay

The feasibility of the developed colorimetric immunoassays
with Hemin-Au@MOF were investigated for probing AFP in blood
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Fig. 5. (A) The time-depending colorimetric responses of TMB-H2O2 reactions catalyzed by Hemin-Au@MOF composite in comparison to hemin. (B) The environmental
stability of Hemin-Au@MOF stored in water over different time intervals, where the catalytic TMB-H2O2 reactions were performed for monitoring the catalytic activities of
Hemin-Au@MOF using 1.6 mM H2O2 and 0.62 mM TMB, taking hemin and Hemin-Au as the comparison. All results were the average values of five replicates.

Fig. 6. Catalysis kinetics for Hemin-Au@MOF with (A) H2O2 and (B) TMB  concentrations-dependent colorimetric responses using 0.42 mM TMB and 4.41 mM H2O2,  respec-
tively,  taking hemin as the comparison. Double-reciprocal plots for the comparison of catalysis activities between Hemin-Au composite (red) and hemin (black) using (C)
various  H2O2 concentrations at fixed 0.42 mM TMB  and (D) various TMB  concentrations at fixed 4.41 mM H2O2. The double-reciprocal plots for catalysis kinetics of Hemin-Au
composite using (E) various H2O2 concentrations at three fixed TMB  concentrations, and (F) various TMB  concentrations at three fixed H2O2 concentrations. The y-axis values
were  calculated from the colorimetric absorbance values recorded. All results were the average values of five replicates. (For interpretation of the references to colour in this
figure  legend, the reader is referred to the web  version of this article.)
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Fig. 7. Optimization of the main immunoassay conditions of (A) Hemin-Au@MOF concentrations, (B) immune-reaction time, (C) AgNO3 dosages, and (D) deposition time
using  25 ng mL−1 of AFP.

Fig. 8. The calibration curves of the Hemin-Au@MOF catalysis-based colorimetric method for the detection of AFP with different concentrations using (A) TMB-H2O2 substrate
(1.6  mM H2O2, 0.62 mM TMB) and (B) silver deposition substrate (2.0 mM AgNO3, 0.57 mM vitamin C), with the error bars of five replicates showing the standard deviations
a here 

d ctively

s
w
F
b
f
c
t
A
m
o
o
t

nd  the photographs of the product solutions of corresponding reactions (insert), w
ifferent AFP concentrations from 0.08 to 42.8 ng mL−1 and 0.25–38 ng mL−1, respe

eparately by the ELISA and GCSS signal amplification ways, of
hich five replicated tests for targeting AFP were conducted (Fig. 8).

ig. 8A manifests the calibration curve of the Hemin-Au@MOF-
ased ELISA immunoassays by the catalytic chromogenic reactions
or different concentrations of AFP spiked in blood. Accordingly, AFP
an be detected in the concentrations linearly ranging from 0.080
o 43 ng mL−1, with a high correlation coefficient (R2 = 0.9979).

 detection limit of about 0.020 ng mL−1 was obtained as esti-

ated by the 3� rule, which performance is comparable to that

f the colorimetric ELISA method reported elsewhere [4]. More-
ver, the GCSS-based sandwiched immunoassay was  conducted by
he catalytic silver staining route for probing AFP in blood. Fig. 8B
the curves were obtained separately by plotting the colorimetric responses versus
.

shows the dose-response curve describing the absorbance values
of deposited silver versus different AFP concentrations. A detec-
tion range is obtained for AFP concentrations ranging from 0.25 to
38 ng mL−1, with a limit of detection about 0.10 ng mL−1, as clearly
disclosed with the typical photographs (Fig. 8B, insert). More-
over, as compared to some other AFP analysis methods reported
previously [4,40,41], the developed Hemin-Au@MOF-based colori-
metric immunoassay method can present the better or compatible

detection performances in terms of linear detection range and
detection limit (Table 2). Also, higher detection reproducibility of
the developed colorimetric method was demonstrated showing
no significant change in the five repeated tests (data not shown).
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Table  2
Comparison of detection performances among the different analysis methods for
AFP.

Analysis methods Linear ranges
(ng mL−1)

Detection limit
(ng mL−1)

Colorimetric Analysis [4] 0.20–20 0.10
Localized surface plasmon resonance [40] 20–200 24
Photoelectrochemical [41] 0.10–500 0.01
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herefore, the so developed Hemin-Au@MOF-based colorimetric
trategies could promise for the practical applications for the highly
hroughput and sensitive analysis for AFP in blood.

. Conclusion

To summarize, a simple and efficient enzymatic fabrication
rotocol has been successfully developed by remolding the cat-
lytic hemin with biomineralized gold to form Hemin-Au core
o be further encapsulated into the Tb-MOF, yielding the Hemin-
u@MOF composites. As evidenced in the colorimetric assays,

he obtained Hemin-Au@MOF could possess robust environmen-
al stability and especially double catalysis activities of enhanced
eroxidase-like and gold catalysis. Steady-state kinetics studies

ndicate that comparing to native hemin and even natural perox-
dases like HRP, the Hemin-Au@MOF could present much higher
ntrinsic catalysis (over four-fold stronger than that of native
emin) and substrate affinity (lower Michaelis constants). Herein,
he biomineralized gold would promote the electron transferring of
emin-Au@MOF. The conformational changes of Hemin-Au@MOF
ould also be triggered so as to create the reactivity pathways for
re-organizing more substrates toward the active sites. Meanwhile,
he MOF  shelled on the Hemin-Au cores would serve as the pro-
ective skeletons to guarantee the improved catalysis properties
nd environmental robustness of Hemin-Au@MOF. Furthermore,
he developed catalytic composites were employed to label anti-
FP antibodies for the sandwiched immunoassays with 96-well
lates for explore AFP in blood. The analysis results indicate that the
emin-Au@MOF-based immunoassays could allow for the highly

ensitive AFP analysis by two signal amplification ways of hemin-
atalyzed chromogenic reaction or gold-catalyzed silver staining.
esides, by combining the gold biomineralization and MOF  encap-
ulation routes, the proposed enzymatic fabrication protocol may
pen a new door toward the efficient preparation or enhance-
ent of a variety of robust enzymes or enzymatic mimics with

he improved environmental stability and multiple catalysis activ-
ties, thus promising the wide applications in the catalysis-based
iomedical analysis, food safety, and environmental monitoring
elds.
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