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Magnetic microspheres with polydopamine
encapsulated ultra-small noble metal nanocrystals
as mimetic enzymes for the colorimetric
detection of H,O, and glucosef
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The exploitation of multifunctional nanocomposites as artificial mimetic enzymes has received significant
attention. This study reports a novel sandwich-structural magnetic microsphere (FesOs@resorcinol/
formaldehyde resin—-metal@polydopamine), in which ultra-small noble metal nanocrystals can be
sandwiched between the resorcinol/formaldehyde resin (RF) and polydopamine (PDA) layers. By changing the
metal precursor, various microspheres decorated with mono- or bi-metallic nanocrystals (Pt, Pd, Au, PtAu, etc.)
can be obtained. The dual-shelled magnetic microsphere not only provides abundant active sites for noble
metal nanocrystals but also effectively restrains aggregation and leaching. The as-prepared FezO4,@RF-Pt@PDA
can efficiently catalyze the oxidation of 3,3,5,5-tetramethylbenzidine (TMB) in the presence of H,O,,
which confirms that the as-prepared nanocatalyst shows good peroxidase-like activity. The catalytic
activity of FezO4@RF-Pt@PDA is dependent on pH and temperature, and the relevant catalytic kinetics
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follow the Michaelis—Menten behaviors. Moreover, this kind of magnetic microsphere can be further
applied for H,O, and glucose detections and the limit of detection (LOD) is found to be as low as
3.1 uM and 1.36 uM, respectively. Benefiting from a facile preparation process, superior structure, and
outstanding catalytic activity, these multifunctional microspheres possess high potential as artificial
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1. Introduction

Enzymes are a kind of biomacromolecules that can efficiently
and specifically catalyze multifarious reactions under relatively
mild conditions."* Owing to their diverse superiorities,
enzymes have been extensively researched and applied in the
medical, environmental, chemical and biochemical fields.
Nevertheless, further large-scale applications of enzymes suffer
from several restrictions, such as low tolerance to the surround-
ing environment, high costs in preparation, purification and
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enzymes in clinical diagnosis, analytical chemistry and environmental fields.

preservation, strict reaction conditions, and difficulties in
recovery and recycling.® Therefore, substantial efforts have
been devoted to searching for novel artificial mimetic enzymes
with attractive properties as alternative candidates for natural
enzymes.”” Especially, nanomaterials with enzyme-mimicking
performance have attracted increasing interest because of their
high stability, large surface areas, tunability and low-cost.®”
Recently, various inorganic nanomaterials have been found to
exhibit unexpected enzymatic activity. Co;0, NPs,® MnO,
nanoflakes,’ graphene oxide,'® carbon dots,""'* gold nano-
particles,">** V,0; nanowires'® and metallic alloys'® have been
widely applied in biocatalysis and bioassays because the
nanomaterial-based mimetic enzymes overcome many distinct
problems of natural enzymes. However, several inherent limita-
tions, such as low activity, poor biocompatibility, low sensitivity
and difficulty in separation still exist. These imperfections greatly
restrict the practical application of nanomaterials in biosensing
and environmental chemistry. Therefore, exploring superior
mimetic enzymes with excellent activity is of special importance
to promote the development of biomimetic chemistry.

Noble metal nanoparticles have received considerable inter-
est owing to their unique optical properties, attractive catalytic
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performance, and potential applications in biology."”°
Because of their small size, large surface area and high
exposure of crystal facets, noble metal nanoparticles have
proven to be very powerful in biocatalysis and biosensing.
Li et al. reported that positively-charged Au nanoparticles
possessed intrinsic peroxidase-like activity and could be devel-
oped for the quantitative analysis of hydrogen peroxide and
glucose.”” Raj discovered that polymer-supported Pt nano-
particles exerted excellent electrocatalytic activity and could
be used for the sensing of glucose at the micromolar level.
In addition to single metal species, bimetallic nanoparticles
also possess peroxidase-like activity. It was found that
Ag-related bimetallic alloy nanoparticles could serve as new
candidates for peroxidase mimics and the catalytic activity was
related to the composition, size and shape of bimetallic
nanoparticles.”® Interestingly, the large-sized and naked metal
particles usually display chemical inertness in catalytic reac-
tions with mimetic enzymes. As the size of metal particles
decreased, the catalytic activity gradually increased.>* However,
noble metal nanoparticles with small size are also faced
with several problems in practical application, such as ease of
aggregation, difficulty in preparation, and challenges in struc-
ture regulation. In particular, these tiny nanocrystals were
usually used in a one-time manner due to the difficulty in
recycling, resulting in waste of resources and environmental
pollution. Therefore, it is urgent to develop a simple and easy
method to sufficiently utilize the catalytic performance of noble
metal nanoparticles.

Usually, the noble metal nanocrystals have been immobilized
onto magnetic nanoparticles so that the final magnetic nano-
composites can be conveniently separated from the reaction
system by a magnet.”>*® However, the small metal nanocrystals
on the surface of the carrier without protection inevitably confront
the leaching problem. Recently, a dual-shelled core-shell structure,
in which metal nanocrystals were fixed between the two layers, was
explored to improve the stability of nanocomposites.***° The inner
layer can provide abundant active sites that are beneficial in
immobilizing the nanocrystals. Moreover, the outer protective
polymer shell with permeable porosity not only avoids the loss
of functional metal nanocrystals but also facilitates the interaction
between catalysts and substrate.*’*> Most noble metal nano-
crystals in the reported dual-shelled magnetic nanocomposites
were applied in catalyzing organic synthesis or dye degradation.
None of them have been found to be effective as mimic
enzymes due to the difficulty in achieving ultra-small size noble
metal nanocrystals in these systems. To this end, a general
method for dual-shelled core-shell structured nanomaterials
with mono- or bi-metallic nanocrystals should be explored and
systematically analyzed.

In this study, we report a facile method to synthesize
Fe;O, @resorcinol/formaldehyde resin-metal@polydopamine
(Fe;0,@RF-M@PDA) microspheres, in which the noble metal
nanocrystals are sandwiched between the RF and PDA layers.
The convenient ethanol-reduction method is appropriate for
reducing multifarious noble metals with ultra-small size. By
changing the metal precursor, magnetic nanocomposites with
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mono- or bi-metallic nanocrystals (Pt, Pd, Au, PtAu, etc.) were
successfully achieved. As an example, the detailed formation
mechanism for Fe;0,@RF-Pt@PDA is carefully discussed.
Moreover, the Fe;0,@RF-Pt@PDA microspheres showed
superior activity in the reaction of peroxidase substrate TMB
with H,0,. The catalytic activity of Fe;O,@RF-Pt@PDA was
dependent on pH and temperature. Based on the distinguished
catalytic performance, the Fe;O,@RF-Pt@PDA was first applied as
a novel artificial mimetic enzyme for a fast, labelfree, highly
sensitive and specific colorimetric detection of H,0, and glucose.

2. Experiment section
2.1 Materials

Iron(m) chloride hexahydrate (FeCl;-6H,0), ethylene glycol
(C;H¢O,), sodium acetate anhydrous (CH;COONa), trisodium
citrate dihydrate (NazCsH50-2H,0), resorcinol (C¢HeO,), form-
aldehyde solution (HCHO), ammonia solution (NH;-H,0), ethanol
(EtOH), gold(m) chloride (HAuCl,), palladium(u) chloride (PdCL,),
chloroplatinic acid hexahydrate (H,PtCls6H,0), trihydroxymethyl
aminomethane (Tris), hydrochloric acid (HCI), glucose (C¢H;,04-
H,0) and hydrogen peroxide (H,0,) were purchased from
Sinopharm Chemical Reagent Co. Ltd (SCRC). 3-Hydroxytyramine
hydrochloride (DA-HCI) was purchased from Aladdin. Glucose
oxidase (GOx from Aspergillus niger) and 3,3,5,5-tetramethyl-
benzidine (TMB) were purchased from Sigma-Aldrich. All
reagents were used without further purification, and ultrapure
water was used throughout all experiments.

2.2 Synthesis of dual-shelled core-shell structured
Fe;0,@RF-M@PDA

First, the magnetic Fe;0,@RF microspheres were synthesized
via a solvothermal method and modified Stober reaction.***
In order to immobilize noble metal nanocrystals on the surface
of Fe;O,@RF, the ethanol-reduction method was utilized.
20 mg Fe;O,@RF and a certain amount of noble metal
precursors (H,PtCls-6H,0, HAuCl,, and PdCl,) were dispersed in
ethanol/water solution (Vethanol : Vavater = 9 1) under ultrasonication
at room temperature. Then, the above mixture was transferred to a
three-neck flask and refluxed for 1 h. The products were separated
by a magnet and washed with ethanol. To prepare the protective
shell on the Fe;O0,@RF-M periphery, the aforementioned products
were dispersed in 40 mL ethanol. Subsequently, 60 mL
Tris-HCI (pH = 8.5) buffer solution and 60 mg DA-HCI were
added into the mixture solution under ultrasonication. After
3 h, the final products were collected by magnet and washed
with ethanol and water.

2.3 Characterization

Field-emission transmission electron microscopy (FETEM)
images were recorded on an FETEM JEM-2100F with an accelerat-
ing voltage of 200 kv, and field-emission scanning electron micro-
scopy (FESEM) images were recorded on an FESEM JEM-500. The
X-ray photoelectron spectra (XPS) were recorded on a Thermo-VG
Scientific ESCALAB250 X-ray photoelectron spectrophotometer.
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An X-ray diffractometer (Smartlab, Rigaku, Japan) was used to
record the X-ray diffraction patterns (XRD). The magnetization
curves were measured using SQUID-VSM at room temperature.
The absorbance tests of the catalytic reaction were performed on a
spectrophotometer (Shimadzu UV-1800).

2.4 Analysis of the peroxidase-like activity of the
Fe;0,@RF-Pt@PDA

To detect the peroxidase-like activity of the Fe;0,@RF-Pt@PDA
microspheres, an HAc-NaAc aqueous buffer (0.2 M, pH 4.0)
solution containing H,0, (0.5 mM), TMB (0.2 mM) and
Fe;0,@RF-Pt@PDA (10 pg mL’l) was incubated in a 60 °C
water bath for 10 min. Then, the solution was transferred to a
quartz cuvette and the absorbance of TMB* at 652 nm was
measured using a UV-Vis spectrophotometer.

The peroxidase-like activity of the Fe;O,@RF-Pt@PDA
microspheres at different pH values (2-12) or temperatures
(30-80 °C) was also investigated via the above method. All experi-
mental data were measured by three independent determinations.

The stability of Fe;0,@RF-Pt@PDA was assessed in an
aqueous buffer (0.2 M HAc-NaAc buffer, pH 4.0) under static
incubation conditions for several hours. Subsequently, their
activities at different times were measured using the standard
colorimetric determination method. Furthermore, the reusability
of Fe;0,@RF-Pt@PDA was evaluated in the aforementioned
standard reaction system. After each cycle, Fe;0,@RF-Pt@PDA
was collected and reused for the next cycle.

In the steady-state kinetic tests, catalytic reactions were
performed at 60 °C in the TMB/H,0,/Fe;0,@RF-Pt@PDA
system. A typical experiment was performed with a constant
concentration of TMB (0.2 mM) but varied H,O, concentrations
(0.1-0.8 mM). Similarly, the same processes were conducted
with a fixed concentration of H,O, (0.5 mM) and different TMB
concentrations (0.025-0.6 mM). The key kinetic parameters
were calculated based on the Lineweaver-Burk plot, which is
the double reciprocal of the Michaelis—-Menten equations:

L (K (1Y,
Vo N Vinax [S} Vinax

where v, is the initial velocity, V;,ax is the maximal reaction
velocity, Ky, is the Michaelis-Menten constant and [S] is the
substrate concentration.

2.5 Colorimetric detection of H,O, and glucose

For the detection of H,O,, 96 uL TMB (2 mg mL ™), 200 uL
nanocatalyst (0.2 mg mL~") and H,O, of varying concentrations
were added into the HAc-NaAc buffer (0.2 M, pH 4.0) solution.
After reacting at 60 °C for 10 min, the spectra were measured
using the UV-Vis spectrophotometer.

The colorimetric detection of glucose combined the catalytic
process of GOx and Fe;O0,@RF-Pt@PDA. Briefly, 40 pL glucose
at different concentrations and 40 pL GOx (5 mg mL™ ") were
mixed in 320 pL phosphate buffered saline (PBS, pH 7.4) before
incubation at 37 °C for 30 min. Then, 96 pL, TMB (2 mg mL™ "),
200 pL nanocatalyst (0.2 mg mL™ ') and 3304 pL HAc-NaAc
buffer (0.2 M, pH 4.0) were added into the above reaction
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solution. The mixture solution was incubated at 60 °C for
10 min before spectral measurement.

The specificity of the glucose colorimetric detection was also
analyzed. 5 mM of sucrose, p-fructose, a-lactose and maltose
were used instead of 5 mM glucose. The method of detection is
the same as the colorimetric detection of glucose.

3. Results and discussion
3.1 Synthesis and characterization of Fe;0,@RF-M@PDA

The synthesis sketch of the Fe;O,@RF-Pt@PDA nanocatalyst is
depicted in Scheme 1. First, Fe;0, can be uniformly coated with
a RF shell via an extended Stober reaction. From the molecular
formula of RF (Scheme 1), it can be known that there are a large
number of ~OH functional groups on the surface of Fe;0,@RF,
which is beneficial for the deposition of noble metal nano-
crystals. Subsequently, the Pt nanocrystals are successfully
assembled onto the surface of Fe;O,@RF by the easy ethanol-
reduction process. Since PDA exhibits prominent ability in
adhesion to both organic and inorganic substrates, the PDA
shell is introduced to protect the interior noble metal nano-
crystals. More importantly, the PDA shell possesses a porous
hydrogel-like inner structure, which not only effectively avoids
the leaching of nanocrystals but also permits the permeation of
substrate for catalysis. Furthermore, due to the convenient
ethanol-reduction process, this method can be extended
to fabricate dual-shelled core-shell structure microspheres
with different noble metal nanocrystals by altering the metal
precursor. Intriguingly, bimetallic nanocrystals also can be
obtained by introducing two different metal precursors
simultaneously. As expected, the microspheres with mono- or
bi-metallic nanocrystals were prepared successfully; moreover,
they possess broad application in nanocatalysis.

The morphology and size of the as-prepared particles were
characterized using SEM and TEM. Fig. 1a shows a typical SEM
image of Fe;0,@RF-Pt@PDA microspheres. Obviously, the
targeted particles adopt a uniform spherical morphology and
the surface of the microspheres is fairly rough, similar to that of
a litchi (inset of Fig. 1a). It can be observed that all the samples
are well-dispersed on the silicon wafer and the average size is
about 280 nm. The TEM image (Fig. 1b) reveals that the
composite particle presents a typical multi-layered sandwich
structure and is analogous to a section of litchi (inset of
Fig. 1b). It can be clearly seen in Fig. 1c that all microspheres
exhibit a well-defined core-shell nanostructure. To further
explore the inner formation, a higher magnification TEM image
is acquired (Fig. 1d). The black-gray image illustrates the dual-
shelled core-shell construction of the product, in which the
central black circle is the Fe;O, core, the middle gray shell is
the RF layer and outer light grey shell is PDA. Between the
RF layer and PDA shell, the presented black dots are Pt
nanocrystals. As shown in Fig. 1e, Pt nanocrystals uniformly
and compactly adhere to the surface of the RF layer and their
size is extremely tiny. To measure the diameter of Pt nanocrystals,
the high magnification TEM image of Fe;0,@RF-Pt and its partial

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthesis procedure for the FesO4@RF—-Pt@PDA nanocatalyst.

Fig. 1 SEM (a) and TEM (b—e) images of Fes0,4@RF-Pt@PDA; pictures of litchi (insets of Fig. 1la and b).

enlargement are presented in Fig. S1 (ESIt); the average diameter
is found to be 3 nm by measuring 100 Pt nanocrystals. Moreover,
the formed outer PDA shell is very uniform, which offers good
protection to the internal noble metal.

Elemental mapping images and HAADF-STEM image
(Fig. 2a-g) also verify the successful fabrication of the dual-
shelled core-shell structure and depict the element distribution in
Fe;0,@RF-Pt@PDA. The EDS spectrum of Fe;O,@RF-Pt@PDA
(Fig. 2h) proves that Fe;0,@RF-Pt@PDA contains C, N, O, Fe and
Pt elements. The fairly strong Cu signal is attributed to the copper

This journal is © The Royal Society of Chemistry 2019
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K,PtCl,

grid supporting the sample. Furthermore, the elemental mapping
images directly reveal the distribution of those elements. The Fe
signal is situated at the center of the microsphere, while the O, C,
and N are seated around the Fe. In addition, the intensity of O in
the center is higher than that in the periphery. All results demon-
strate that the RF and PDA layers are successfully wrapped around
the surface of Fe;O, core. The Pt element is also distributed
around the Fe;0, core with high intensity in the margin. Moreover,
the zone radius of the Pt mapping image is smaller than that of C
and N, which supports the fact that the Pt nanocrystals are

J. Mater. Chem. B, 2019, 7, 4568-4580 | 4571
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Fig. 2 Elemental mapping images (a—f), high-angle annular dark field scanning TEM (HAADF-STEM) image (g) and EDS spectrum (h) of FesO,@RF-

Pt@PDA.

protected by the PDA shell. Based on the above TEM and elemental
mapping analysis, it can be inferred that Fe;0,@RF-Pt@PDA with
dual-shelled core-shell structure is successfully constructed.

The magnetic properties of each product were examined at
room temperature. As shown in Fig. 3a, all nanomaterials
exhibit typical superparamagnetic properties without rema-
nence and coercivity. The saturation magnetizations of Fe;Oy,
Fe;0,@RF, Fe;0,@RF-Pt and Fe;O0,@RF-Pt@PDA in an
external magnetic field of 30 kOe are 64.7, 22.4, 21.2 and
18.6 emu g ', respectively. The magnetic properties of the
other three samples distinctly originate from the Fe;O, core
because of the non-magnetic properties of the RF, PDA, and
Pt nanocrystals. Although the introduction of the RF and
PDA layers reduced the saturation magnetization of the final
product, the magnetic sensitivity of Fe;O,@RF-Pt@PDA is
large enough for separation from reaction systems by magnet.
The inset of Fig. 3a is a digital photo of the actual separation
process, which sufficiently supports the above analysis.

The crystalline structures of the as-synthesized samples were
examined using X-ray diffraction (XRD) (Fig. 3b). The diffrac-
tion peaks at 20 values of 30.1°, 35.5° 43.1°, 53.6°, 57.1°, and
62.7° can be indexed to the (220), (311), (400), (422), (511), and

4572 | J. Mater. Chem. B, 2019, 7, 4568-4580

(440) crystal planes of Fe;0,, respectively, indicating the typical
face-centered cubic structure of pristine Fe;0, core.>* Due to
the noncrystalline structure of the RF layer, the spectrum of
Fe;0,@RF is similar to Fe;O,4. For the Fe;O,@RF-Pt sample,
new diffraction peaks at 39.9° and 46.6° are respectively related
to the (111) and (200) lattice planes of Pt nanocrystals. These
data demonstrate that Pt nanocrystals were successfully loaded
on the Fe;0,@RF surface. PDA layer is amorphous, so there is
no obvious difference between the XRD patterns of Fe;O,@RF-Pt
and Fe;0,@RF-Pt@PDA.

XPS is performed to confirm the chemical state of surface
elements in different products acquired from each step. As
presented in Fig. 3c, there are obvious Fe, O and C element
signals in the XPS of Fe;O,, which derive from the Fe;O,
microspheres, residual reagents or ethanol. After the coating
of RF, the signals of Fe 2p and Fe 3p cannot be observed, while
the intensity of C 1s is enhanced, which well proves that the RF
layer adheres to the surface of the Fe;O, core. As soon as the Pt
nanocrystals are loaded onto the surface of Fe;O,@RF, new
peaks corresponding to Pt 4d and Pt 4f appear, revealing the
existence of Pt nanocrystals, which is also consistent with
the XRD analysis. In the high resolution Pt 4f,, spectrum,

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 M-H curves (a), XRD patterns (b), and XPS (c) of products obtained from each step; high resolution XPS spectra of the Pt 4f region (d) and

photographs of the magnetic separation process (inset of a).

the binding energy of Pt 4f,/, can be disassembled into Pt° and
Pt** parts, with binding energies positioned at 71.6 and 72.6 eV,
respectively (Fig. 3d).*® The small peaks of Pt** can be put down
to the chemisorption of functional groups on the surface of
Fe;0,@RF. No Pt signal and a characteristic N 1s signal of PDA
are detected in the spectrum of Fe;0,@RF-Pt@PDA, indicating
the presence of another protective PDA shell on the surface
(Fig. 3c). In addition, the detection depth of XPS is about

10 nm, illustrating that Fe;O,@RF-Pt is successfully encapsu-
lated within the PDA shell and the thickness of the PDA layer is
larger than 10 nm.

In this study, the synthetic process was tracked using
SEM and TEM. The SEM image in Fig. 4a indicates that the
as-prepared Fe;O, microspheres are well dispersed and adopt
uniform spherical morphology with an average size of 140 nm.
The surface of the Fe;O, microspheres is very rough because

Fig. 4 SEM and TEM images of the as-synthesized FezO4 (a and e), FesO4@RF (b and f), Fes04@RF-Pt (c and g) and FezO,@RF-Pt@PDA (d and h).

This journal is © The Royal Society of Chemistry 2019
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they consist of numerous small nanograins, which agrees with
the TEM analysis (Fig. 4e) that the Fe;0, microspheres exhibit
cluster-like structure. Owing to the superior properties of Fe;0,
microspheres, they are chosen as a magnetic core to fabricate
core-shell structure nanocomposites. Through modified Stober
reaction, the regular RF layer uniformly wrapped the Fe;O,
core. As shown in Fig. 4b, the Fe;O,@RF microspheres present
a well-defined core-shell structure with a very smooth surface.
The TEM image (Fig. 4f) further certifies the typical core-shell
structure of Fe;O,@RF, where the outer gray layer is RF polymer
with a thickness of 50 nm. After the ethanol-reduction procedure,
the Pt nanocrystals are tightly immobilized on the surface of
Fe;0,@RF. The SEM image (Fig. 4c) reveals that the surface
becomes rough and a large number of small nanoparticles are
attached. The TEM image (Fig. 4g) also shows significant change
in that the color of the microsphere periphery turns black. From
the high magnification TEM image of Fe;0,@RF-Pt (Fig. S2, ESIt),
it can be seen that the density of Pt nanocrystals at the margin is
high and a small burr-like structure is found at the outside edge,
indicating that most of the Pt nanocrystals are located on the
surface of Fe;0,@RF. However, a few PtCls>" ions may penetrate
into the Fe;O,@RF and be reduced in the ethanol-reduction
process, resulting in the Pt nanocrystal permeation in Fe;O,@RF.
In addition, the density of the Pt nanocrystals in the Fe;0,@RF-Pt
microspheres can be controlled by the PtCls>" concentration.
When the PtCls>" concentration is kept at 9.6 uM, the Pt nano-
crystals appear on the surface of the core template. Obviously, the
Pt nanocrystals are uniformly adhered to the RF surface without
any aggregation (Fig. S3a, ESIt). With the PtCls>" concentration
rising (19.2 puM), the density of the Pt nanocrystals distinctly
increases but the size of the Pt nanocrystals and the morphology
of Fe;0,@RF are still invariant (Fig. S3b, ESIT). When the PtCls>"
concentration increases to 28.8 puM, more Pt nanocrystals are
immobilized on the Fe;O,@RF surface, resulting in a small
burr-like structure at the outside edge (Fig. S3c, ESIt). Further
increasing the concentration of PtCls®" (38.4 uM), the Pt nano-
crystals form large nano-clusters and are attached to the periphery
of the core (Fig. S3d, ESIt). Therefore, the concentration of PtCls>"
can adjust the density of Pt nanocrystals and the morphology of
Fe;0,@RF-Pt. In addition, the synthetic conditions also affect the
catalytic activity. As exhibited in Fig. S4 (ESIt), the relative activity
of Fe;0,@RF-Pt@PDA increases with the increase in the Pt
content. In this study, the Fe;0,@RF-Pt microspheres with PtCls>"
concentration of 28.8 uM are selected for further utilization due to
their good surface structure and predominant catalytic activity.
Finally, to further protect the attached noble metal nanocrystals,
the PDA layer is coated on the Fe;0,@RF-Pt microspheres to form
Fe;0,@RF-Pt@PDA. The SEM image (Fig. 4d) shows that the as-
prepared nanomaterials present monodispersed spherical mor-
phology with a relatively smooth surface and the Pt nanocrystals
are hard to observe, which indicates that the PDA shell is coated on
the Fe;O,@RF-Pt surface. Because the contrast of PDA is lower
than Pt, the pale periphery of microspheres is the PDA layer
(Fig. 4h). Furthermore, the final product (Fe;0,@RF-Pt@PDA)
clearly displays well-defined dual-shelled core-shell structure and
the average diameter increases to 280 nm.
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Intriguingly, the noble metal species are changeable in our
products on the account of the universal ethanol-reduction
method. The dual-shelled core-shell structure nanocatalyst
also can be achieved with different mono- or bi-metallic nano-
crystals (Fig. 5). The TEM images (Fig. 5) show that the final
obtained uniform microspheres are monodispersed. In addition,
all the microspheres clearly present a dual-shelled core-shell
structure, and the metal nanocrystals are constrained between
the RF and PDA layers. The PDA shell in the Fe;0,@RF-Au@PDA
microspheres is not easy to observe because the number of Au
nanocrystals adhered to the Fe;O,@RF surface is relatively low.
The Au nanocrystals are scattered in the interior with an average
size of 11 nm and the EDS spectrum (Fig. 5¢) and elemental
mapping images (Fig. S5, ESIT) clearly confirm the dual-shelled
core-shell structure and the existence of Au element. The Fe, C, Au
and N signals can be observed from the sample region, which is in
keeping with the relevant HAADF STEM image (Fig. S5a, ESIT).
Above results indicate that the Fe;0,@RF-Au@PDA microspheres
with analogous structures are successfully fabricated by the
same method. Likewise, Pd nanocrystals can also substitute for
Pt nanocrystals to achieve Pd-based magnetic nanomaterials. As
shown in Fig. 5e and f, the Pd nanocrystals are densely adhered to
the surface of the RF layer and are protected by the PDA shell.
More importantly, this method suits both mono- and bi-metallic
nanocrystals. The TEM images in Fig. 5g, h, j and k clearly eluci-
date the structure of the as-fabricated nanomaterials and verify
the existence of metal nanocrystals between the RF and PDA layers.
In addition, the EDS spectra (Fig. 5i and 1) demonstrate that the
metal nanocrystals are assigned to the Pt and Pd components
in Fe;0,@RF-PtPd@PDA and the Pt and Au components in
Fe;0,@RF-PtAu@PDA. The elemental mapping images in Fig. S6
(ESIt) further describe the distribution of the Pt and Pd signals.
It can be clearly seen that the Pt and Pd signals simultaneously
exist in one Fe;0,@RF-PtPd@PDA microsphere and their shapes
are identical, manifesting the successful preparation of bimetallic
nanocrystals.

3.2 The peroxidase-like activity of Fe;0,@RF-Pt@PDA

To test the peroxidase-like activity of Fe;O,@RF-Pt@PDA,
colorimetric assays were conducted using TMB and H,O, as
substrates. The H,O, can oxidize the chromogenic agent TMB
into a blue-colored product (TMB*"). As shown in Fig. 6a, the
reaction mixture turns blue (inset I) and shows an obvious
adsorption peak at 652 nm (curve I), which originates from the
oxidation of TMB by H,0,. Nevertheless, in the absence of
Fe;0,@RF-Pt@PDA, the color and characteristic peak of the
reaction mixture are negligible (inset II and curve II of Fig. 6a).
For Fe;0,@RF-Pt@PDA in the HAc-NaAc buffer solution with-
out TMB and H,0,, there is no color change (inset III of Fig. 6a).
All of the results imply that the Fe;O,@RF-Pt@PDA can cata-
lyze the oxidation of TMB in the presence of H,0, and can be
employed as an excellent peroxidase mimetic enzyme. Like
other peroxidase-like nanomaterials, the catalytic activity is influ-
enced by temperature and pH.***” To explore the optimum
catalysis conditions of Fe;O,@RF-Pt@PDA, the activity was
measured in varied temperature (30-80 °C) and pH (2.0-12.0).
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Fig. 5 TEM images of Fez04@RF-Au@PDA (a and b), Fez0,@RF-Pd@PDA (d and e), FezO4@RF-PtPd@PDA (g and h), and FezO4@RF-PtAu@PDA (j and k) and
EDS spectra of FezO4@RF—-Au@PDA (c), Fes0,@RF-Pd@PDA (f), Fes:0,4,@RF—PtPd@PDA (i), and FezO4@RF-PtAu@PDA ().

Fig. 6b demonstrates that the catalytic activity is improved
steadily with temperature increase from 30 °C to 60 °C, whereas
it remarkably decreases when the temperature is higher than
60 °C. The activity of Fe;0,@RF-Pt@PDA also depends on the
pH (Fig. 6¢) which is much higher in acidic solution than in a
neutral or basic solution. The photographs of reaction solution
exhibit intuitively the color variations in the reaction solution at
different pH (Fig. 6d). Hence, the optimal temperature (60 °C)
and pH (pH = 4.0) are chosen for the following experiments. To
better evaluate the performance of Fe;0,@RF-Pt@PDA, the
stability and reusability were investigated under optimal con-
ditions. As exhibited in Fig. 6e, the activity of Fe;O,@RF-
Pt@PDA is stable and the relative activity remains as high as
93% after incubation in HAc-NaAc aqueous buffer (0.2 M, pH
4.0) for 48 h. Simultaneously, the Fe;0,@RF-Pt@PDA nano-
spheres exhibit superior reusability as a peroxidase mimic
(Fig. 6f). The relative activity of Fe;0,@RF-Pt@PDA slightly
decreases with the increase in cycle number, but still remains
above 80% after 5 successive cycles. Besides, the concentration
of Fe;0,@RF-Pt@PDA in the reaction is extremely low

This journal is © The Royal Society of Chemistry 2019

(10 pg mL™") and there is an inevitable quality loss in the
recovery process, which will cause a decrease in the catalytic
activity. All analyses indicate that Fe;O,@RF-Pt@PDA can
be applied as an efficient peroxidase mimetic enzyme with
excellent stability and reusability.

For further insight into the peroxidase-like catalytic mecha-
nism of Fe;0,@RF-Pt@PDA, the steady-state kinetics with
TMB and H,0, as substrates were investigated at optimal
conditions (60 °C and pH 4.0). A series of experimental data
were obtained by changing the concentration of either TMB or
H,0, while keeping the other conditions constant. Fig. 7a and ¢
show that the reaction catalyzed by Fe;0,@RF-Pt@PDA follows
the typical Michaelis-Menten curves for both the H,0, and
TMB components at a certain concentration range. The kinetic
parameters of K, and Vi, are acquired from Lineweaver-Burk
plots (Fig. 7b and d) and summarized in Table S1 (ESIY). It is
well established that K, is identified as a specific reflection of
enzyme affinity for a substrate and a lower K, value represents
a stronger affinity.*® The K, value of Fe;0,@RF-Pt@PDA with
H,0, as the substrate is much lower than that of horseradish
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Fig. 6 Typical UV-Vis spectra of the different components in an HAc—NaAc buffer solution: (I) TMB + H,O, + FesO0,@RF-Pt@PDA, (Il) TMB + H,O,, and
(I FesO4@RF-Pt@PDA and (inset) photographs of reaction systems corresponding to curves (a); the effect of varying surrounding conditions on the
peroxidase-like activity of FesO4@RF—-Pt@PDA: temperature (b); pH (c) (for each curve, the highest point is defined as 100% relative activity.) and the
relevant photographs of reaction solution at different pH values (d); the stability (e) and reusability (f) of Fes04@RF-Pt@PDA.

peroxidase® (HRP) and other recently reported materials,>***>

suggesting that Fe;O,@RF-Pt@PDA possesses a higher binding
affinity towards H,0,. Hence, H,O, can be detected at lower
concentration. The low K, value toward H,O, may profit from
the adhesion and the porous hydrogel-like inner structure of PDA
and the positive synergistic effect of Pt nanocrystals and shell
structure. In a previous study, Lee et al. discovered that the affinity
of TMB-Pt was lower than that of TMB-Fe;0,, and the K, values
increased with the increase in the Pt content.*® From Table S1
(ESIY), it can be seen that the K,,, value of Fe;0,@RF-Pt@PDA for
TMB substrate is lower than those of HRP,*® free Pt NPs** and

4576 | J. Mater. Chem. B, 2019, 7, 4568-4580

some reported Pt based nanozymes,**** which indicates that the
PDA shell not only protects Pt nanocrystals from leaching but also
improves the affinity of this mimetic enzyme toward the TMB
substrate. According to above analyses, the Fe;O,@RF-Pt@PDA
has a high affinity for both H,0, and TMB substrates and shows
prominent peroxidase-like activity.

The excellent catalytic activity of Fe;0,@RF-Pt@PDA can be
essentially attributed to the following factors: First, the Pt
nanocrystals in the Fe;O,@RF-Pt@PDA catalyst are ultra-
small, which endows higher surface area and enhanced catalytic
activity. Then, the PDA shell provides enough space and abundant

This journal is © The Royal Society of Chemistry 2019
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one substrate varied and the other fixed (b and d).

active sites for the adsorption of the H,O, and TMB molecules.
Furthermore, after the decoration with PDA, the surface charge
of catalysts decreased,*® which also inspires the adsorption of
positively charged TMB via electrostatic interactions. As a result,
the electron density and mobility in the Fe;O,@RF-Pt@PDA
microspheres increase, which accelerates the reaction efficiency
of the TMB oxidation by H,0,.*” Thus, the Fe;0,@RF-Pt@PDA
microspheres can be chosen as a prominent substitute for the
natural peroxidase enzyme.

3.3 Colorimetric detection of H,0, and glucose based on
Fe;0,@RF-Pt@PDA

On the basis of the peroxidase-like activity of Fe;O,@RF-
Pt@PDA, the blue color reaction catalyzed by the as-prepared
catalyst was utilized to detect H,O, and glucose. Here, the
optimal conditions were chosen to perform the H,0, concentration-
response experiments. As shown in Fig. 8b, the H,O, concentration
ranges from 0 uM to 800 pM. The typical absorbance of oxidized
TMB at 652 nm increased sharply with the increase in the H,0,
concentration from 0 pM to 80 uM; after that, it gradually rises.
Moreover, by changing the H,0, concentration from 0 pM to
80 uM, a linear calibration plot is obtained with a LOD of
3.1 uM at S/N = 3 (inset of Fig. 8b). The lower detection limit of
H,0, should be attributed to the ultra-small well-dispersed Pt
nanocrystals in Fe;O,@RF-Pt@PDA and the abundant active

This journal is © The Royal Society of Chemistry 2019

sites on the surface of catalyst. This is also well consistent
with the previous analyses that the Fe;0,@RF-Pt@PDA micro-
spheres have a high binding affinity to H,0O,.

By combining the catalytic process of GOx and Fe;0,@RF-
Pt@PDA, the facile and label-free method was applied for the
colorimetric detection of glucose. The schematic (Fig. 8a) legibly
displays the reaction process of glucose detection. After reacting
with O, in the presence of GOx, the glucose is oxidized to produce
glucose acid and H,0,. Then, the generated H,O, in this system
could be detected using the above-mentioned blue color reaction.
Based on the above analysis, it is reasonable to further establish a
glucose detection approach. Fig. 8c exhibits the typical dose-
response curve for glucose detection with the concentration range
from 0 mM to 6 mM. With the increase in the glucose concen-
tration, the absorbance intensity at 652 nm rises. Moreover, the
regular color variation for glucose response can also be conveni-
ently distinguished by the naked eye (inset of Fig. 8c). Further-
more, a good linear relationship (R* = 0.996) between the
adsorption intensity concentration is obtained in the range of
0.01 to 4 mM (Fig. 8d), which is wider than some other reported
peroxidase mimetic enzyme-based colorimetric methods in glu-
cose detection.””™*° Finally, the LOD of glucose is calculated as low
as 1.36 uM at S/N = 3, suggesting sensitive detection for glucose.

Four different carbohydrates, including sucrose, p-fructose,
a-lactose and maltose, were used as control samples to evaluate
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the specificity of the proposed assay for glucose detection. It
can be observed from Fig. 8e that glucose gives a much stronger
response (the characteristic adsorption at 652 nm) than the
control samples, even though the concentration of every carbo-
hydrate is the same. Similarly, the color of the solution in the
presence of glucose is obviously blue, whereas the other four

4578 | J Mater. Chem. B, 2019, 7, 4568-4580

compounds are as light as the blank (inset of Fig. 8e). The
comparative experiments fully illustrate that this sensing system
is highly specific for glucose detection. In summary, all of the
results demonstrate that the as-prepared catalyst Fe;O0,@RF-
Pt@PDA shows brilliant catalytic nature and provides a facile,
sensitive and specific path for glucose determination.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9tb00755e

Published on 24 June 2019. Downloaded by University of Science and Technology of Chinaon 8/23/2019 2:58:49 AM.

Paper

Moreover, the above method was further applied to detect
the glucose concentration of fresh grape juice, grape beverage
and fresh litchi juice. Here, the absorption values for different
fruit juices are displayed in Fig. S7 (ESIt) (the solution concen-
tration has been diluted 100 times in test procedure). Based on
the linear calibration plot of glucose detection (Fig. 8d), the
glucose concentrations of various fruit juices can be calculated.
The glucose concentrations of fresh grape juice, grape beverage
and fresh litchi juice are 0.14 M, 0.18 M and 0.19 M, respectively.
Obviously, this method can be applied to determine the glucose
concentration of real samples. According to the absorption values
of freshly prepared 0.2 M glucose solution, its glucose concen-
tration is 0.19 M, which is very close to the prepared concentration,
proving this method is relatively precise.

4. Conclusion

In summary, we developed a general strategy to fabricate dual-
shelled magnetic microspheres with ultra-small noble metal nano-
crystals confined in the sandwich layer (Fe;0,@RF-Pt@PDA). By
changing the metal precursor, both mono- and bi-metallic nano-
crystals (Au, Pd, PtAu, and PtPd) can be located within the hybrid
microspheres. Benefiting from easy magnetic separation, well-
permeable PDA encapsulation and tiny Pt nanocrystals,
Fe;0,@RF-Pt@PDA exhibited wonderful peroxidase-like activity
and could be further applied in the colorimetric detection of H,0,
and glucose. It is found that the catalytic activity was highly
dependent on the pH and temperature, while the enzymic kinetics
followed the typical Michaelis-Menten theory. The Fe;O,@RF-
Pt@PDA-based colorimetric approaches show a high sensitivity
and selectivity for H,O, and glucose detection with LODs of 3.1 uM
and 1.36 uM, respectively. Because of the facile preparation, these
multifunctional microspheres exhibit promising utilization as
artificial enzymes in clinical diagnosis, analytical chemistry and
environment field.
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