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ABSTRACT: Nanomagnet-silica shell (Fe;0,@SiO,) decorated with Au@Pd nanoparticles (NPs) were synthesized
successfully. The characterization of Fe;O,@SiO,-NH,-Au@PdNPs was achieved using several spectroscopic and microscopic
techniques. The quantitative surface analysis was confirmed using X-ray photoelectron spectroscopy. The Fe;O,@SiO,-NH,-
Au@Pd, 3)NPs exhibited excellent peroxidase-like activity by eftectively catalyzing the oxidation of 3,3’,5,5'-tetramethylbenzi-
dine (TMB) in the presence of H,0,. The absorption peaks at 370 and 652 nm confirmed the peroxidase-like activity of the
Fe;0,@Si0,-NH,-Au@Pd, ;,]NPs. The Michaelis—Menten constant (K,,) of 0.350 and 0.090 mM showed strong affinity
toward H,O, and TMB at Fe;0,@SiO,-NH,-Au@Pd, ;,NPs. The mechanism of the peroxidase-like activity was found to
proceed via an electron transfer process. A simple colorimetric sensor based on glucose oxidase and Fe;O,@SiO,-NH,-Au@
Pd,30NPs showed excellent selectivity and sensitivity towards the detection of glucose. The fabricated glucose biosensor
exhibited a wide linear response toward glucose from 0.010 to 60.0 #M with an limit of detection of 60.0 nM and limit of
quantification of 200 nM. The colorimetric biosensor based on Fe;0,@SiO,-NH,-Au@Pd,;)NPs as a peroxidase mimic was
also successfully applied for the determination of glucose concentrations in serum samples. The synthesized Fe;O,@SiO,-NH,-
Au@Pd,3)NPs nanozymes exhibited excellent potential as an alternative to horseradish peroxidase for low-cost glucose

monitoring.
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B INTRODUCTION

The recent advancement in nanozymology has offered
enormous opportunity for developing nanostructured artificial
enzymes. Nanozymes are nanomaterials that possess intrinsic
enzyme-like activities.' In contrast to natural enzymes,
nanozymes have tuneable and efficient enzyme-like activity,
are produced at low cost, have high environmental stability,
and are amenable to mass production.” These advantages have
necessitated investigations of various nanomaterials with
intrinsic peroxjdase-like,S_S oxidase-like,”” catalase-like,® and
superoxide dismutase-like activities.” Nanozymes that mimic
the enzyme-like activity of horseradish peroxidase (HRP) have
been of great interest due to their application in bioanalytical
and clinical chemistry. Nanozymes that posess peroxidase-like
activity catalyze the oxidative reaction of various colorimetric
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substrates by transferring electron to H,0,."" Since the
discovery of the peroxidase-like activity of Fe;O, nanoparticles
(NPs) in 2007 by Gao et al,'" different inorganic nanoma-
terials, including noble metals (e.g, Ag, Au, Pd, pt),>'>71°
transition-metal oxides and chalcogenides (e.g., FeS, CeO,,
V,0,, CuO, MoS,),"*™* metal—organic frameworks,>* ">
and carbon nanomaterials (carbon nanotubes, carbon dots,
graphene quantum dots)**>® have been discovered to possess
intrinsic similar properties. These nanomaterials oxidize
substrates such as o-phenylenediamine, 2,2-azino-bis-(3-ethyl-
benzothiazoline-6-sulfonic acid), and 3,3",5,5’-tetramethylben-
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zidine (TMB) to the corresponding colored products in the
presence of H,0,. Since the colorimetric response of
peroxidase-like activity of nanozymes depends on the
concentration of H,0,, this strategy has been used in the
design of biosensors based on quantification of H,O,
generated or consumed in a biochemical reaction. This has
provided a low-cost colorimetric assay for the detection of
various disease biomarkers, including H,0,, glucose, dop-
amine, biothiols, and cancers. Nanozymes, which have
peroxidase-like activity, are currently explored as alternatives
to HRP in the design of versatile electrochemical and
colorimetric biosensors.”” However, known peroxidase-like
nanozymes have much lower catalytic activity and poor
selectivity in comparison with HRP.* Carbon nanomaterials,
and metal oxide nanoparticles (NPs) are cheap but possess
relatively lower peroxidase-like activity compared with HRP.*®
Interestingly, noble metal NPs have shown comparable to
better peroxidase-like activity when compared with
HRP.“”'%12715 However, they often express multiple
enzyme-like activities and are expensive.””” To exemplify
this, it is worth mentioning that AuNPs,’ Au@PtNPs,ﬁ’30 and
NiCo,0,”" exhibit excellent oxidase-like and peroxidase-like
activity. In the design of conventional glucose biosensor, a
bienzyme cascade system consisting of glucose oxidase (GOx)
and HRP is commonly used. GOx enzyme reaction produces
H,0, (as a by-product). HRP reduces the GOx produced
H,0, whilst itself being oxidased. The reduction of HRP
occurs, and the oxidation of chromogen as a substrate then
occurs. Nanozymes that possess peroxidase-like activity can
replace HRP in this bienzyme cascade.

Methods that seek to control the size and shape, surface
modification, crystal facet, and formation of nanohybrids and
nanocomposite materials are investigated. Amongst the various
methods, nanohybrids are particularly attractive due to the
possible synergistic advantages of each component in achieving
improved catalytic properties. Nanocomposites (GO-
Fe;0,'7° and MoS,/PtCu’®) and nanohybrids (PB@FePt,*
Cu@Pd/RGO,** CeO,/NT-Ti0,**) have exhibited superior
or new enzyme-like activity that cannot be achieved by either
component alone. These results inspired the research into
exploiting novel nanozymes with excellent peroxidase-like
activity based on their magnetic properties and selectivity
toward peroxidase substrates. In this study, we report novel
Fe;0,@Si0,-NH,-Au@PdNPs as nanohybrids with enhanced
peroxidase-like activity. The characterization, enzyme-like
activity, and the mechanism for the improved peroxidase-like
activity of Fe;O0,@Si0,-NH,-Au@PdNPs were evaluated.
Fe;0,@8Si0,-NH,-Au@PdNPs were selective toward H,O,
and were evaluated toward colorimetric detection of glucose.

B EXPERIMENTAL SECTION

Reagents, Instrumentation, and Procedure for Preparation
of Solution. All reagents and solvents used in this study were of
analytical grade and used as received from the suppliers. Ultrapure
water with a resistivity of 18 MQ cm obtained from a Milli-Q water
system (Millipore Corp, Bedford, MA) was used for the preparation
of all solutions. The details of the reagents and suppliers, instrumental
analysis, and experimental procedures are presented in the Supporting
Information (SI).

Synthesis of Fe;0,@SiO,-NH,-Au@PdNPs. Scheme 1 shows
the schematic illustration for the preparation of Fe;O,@Si0,-NH,-
Au@PdNPs. The detailed procedure and the amount of reagents used
for the synthesis of Fe;0,@SiO,-NH,-Au@PdNPs are presented in
SL The preparation of Fe;O,@Si0,-NH,-Au@PdNPs involved three
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Scheme 1. Schematic Illustration of the Synthesis of
Fe;0,@Si0,-NH,-Au@PdNPs
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steps. First, highly monodispersed magnetic nanoparticles (Fe;0,)
were synthesized by thermal decomposition of the iron—oleate
complex in octadecene. The oleic acid-capped Fe;O,NPs were coated
with silica shell using the water-in-oil microemulsion system to form
silica-coated magnetite nanoparticles (Fe;O,@SiO,NPs). The mech-
anism for the ligand exchange of the hydrophobic magnetic NPs by
alkoxysilane within the water-in-oil microemulsion systems to obtain
hydrophilic Fe;0,@SiO,NPs has previously been reported.***” The
silica shell was covalently formed on the Fe;O, core via the phase
transfer of the oleic acid with hydrolyzed alkoxy groups of tetraethyl
orthosilicate. The transfer of the hydrophilic silanol-capped magnetite
into the water-in-oil-microemulsion nanoreactor occurs and the
subsequent growth of the silica shell to form Fe;O,@SiO,NPs. The
Fe;0,@Si0,NPs were isolated by breaking the microemulsion via pH
adjustment to 2.0, periodic cooling in liquid nitrogen, and the
addition of acetone.*® The Fe;0,@SiO,NPs were modified with (3-
aminopropyl)triethoxysilane (APTES) to form amine-functionalized
Fe;0,@Si0,-NH,NPs. The terminal —NH, functional groups for
Fe;0,@Si0,-NH, served as an anchor for the self-assembly of Au@
PdNPs to form Fe;O,@SiO,-NH,-Au@PdNPs.

The second step involves the adsorption of 3.5 nm AuNPs on
Fe;0,@Si0,-NH,NPs. The 3.5 nm AuNPs were dispersed onto the
surface of the Fe;0,@Si0,-NH,NPs support via nitrogen—gold (Au—
N) interactions. The color of the Fe;0,@SiO,-NH,NPs solution
changed from dark gray to reddish-brown, confirming the adsorption
of AuNPs onto Fe;0,@SiO,-NH,NPs to form Fe;0,@SiO,-NH,-
AuNPs. The third step is the deposition of Pd onto the Fe;O,@SiO,-
NH,-AuNPs to form Fe;O,@SiO,-NH,-Au@PdNPs. The formation
of the Fe;O,@SiO,-NH,-Au@PdNPs was achieved via the seed-
mediated method.** *® The Fe,0,@Si0,-NH,-AuNPs were dis-
persed in a solution of H,PdCl,, the sequential addition of low
concentrations of NaBH, induces the homogenous reduction of Pd**
onto the surface of the Fe;O,@SiO,-NH,-AuNPs. The homogenous
reduction prevented the formation of new Pd nuclei in solution. The
3.5 nm AuNPs as gold seeds onto the Fe;O0,@SiO,-NH,-AuNPs
acted as the nucleation sites for the deposition of Pd’, resulting in the
formation of Fe;O,@Si0,-NH,-Au@PdNPs. The concentration of
H,PdCl, was varied to obtain Fe;O,@SiO,-NH,-Au@PdNPs with
different contents of Pd. Each step of the synthesis was purified by
washing with deionized water, sonication, and magnetic separation.
The use of magnetic separation only afforded the adsorbed metal
nanoparticles to be collected and analyzed further.
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Figure 1. (a) UV—vis absorption spectra, (b) dynamic light scattering (DLS, {-potentials) and (c) X-ray diffractograms of the synthesized
nanoparticles. For UV—vis (i) Fe;0,@SiO,NPs, (ii) AuNPs, (iii) Fe;0,@Si0,-NH,-AuNPs, and (iv) Fe;0,@SiO,-NH,-Au@PdNPs; for (c)
XRD pattern of (i) Fe;O,, (ii) Fe;0,@Si0,-NH,NPs (iii) Fe;0,@Si0,-NH,-AuNPs, and (iv) Fe;0,@SiO,-NH,-Au@PdNPs.
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Figure 2. TEM micrographs with their corresponding size distribution histograms for (a) Fe;0,NPs, (b) Fe;0,@Si0,-NH,NPs, and (c) Fe;0,@

Si0,-NH,-Au@PdNPs.

B RESULTS AND DISCUSSION

Characterization of Fe;0,@SiO,-NH,-Au@PdNPs. The
step-by-step synthesis of Fe;O0,@SiO,-NH,-Au@PdNPs was
followed using various techniques. Figure 1 shows (a) the
UV—vis spectra, (b) dynamic light scattering (DLS, ¢-
potential), and (c) X-ray diffractograms (XRD) for the
synthesis of Fe;O,@Si0,-NH,-Au@PdNPs. The UV-—vis
spectra in Figure la shows spectra of (i) Fe;O,@SiO,NPs,
(ii) AuNPs, (iii) Fe;0,@Si0,-NH,-AuNPs, and (iv) Fe;0,@
SiO,-NH,-Au@PdNPs. The UV—vis spectrum of Fe;O,NPs
and Fe;O,@Si0,-NH,NPs in Figure Sla-ijii did not show any
peak in the investigated wavelength (300—800). The UV—vis
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spectrum of Fe;O,@SiO,-NH,NPs in Figure Sla-ii was similar
and overlapped with that of Fe;0,@SiO,NPs shown in Figure
la-i. For simplicity, we only showed the UV—vis spectra of
Fe;0,@SiO,NPs in Figure la-i. The absorption spectrum of
the AuNPs in Figure la-ii showed surface plasmon resonance
(SPR) at S14 nm, and this is characteristic of small spherical
nanoparticles with size less than 10 nm.*” The absorption
spectrum of the Fe;O,@SiO-NH,-AuNPs in Figure la-iii
exhibited a weak SPR band at 527 nm and confirmed the
adsorption AuNPs onto Fe;O,@SiO,NPs to form Fe;O,@
SiO,-NH,-AuNPs. The AuNP peak at 527 nm disappeared
after the reduction of Pd** onto Fe;0,@SiO-NH,-AuNPs to
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ACS Appl. Mater. Interfaces 2020, 12, 1973—1987


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15123/suppl_file/am9b15123_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15123/suppl_file/am9b15123_si_002.pdf
http://dx.doi.org/10.1021/acsami.9b15123

ACS Applied Materials & Interfaces

Research Article

B

[l

g

2

g

2 &

£l S a8

@ 4
800 700 600 500 400 300 200 100 O
Binding Energy (eV)

4.0

©

»
=
!

Intensity (cps x 10%)
~
>

=
>
1

0.0 T
93

89
Binding Energy (eV)

87 85 83

Intensity (cps x 10%)

Intensity (cps x 10%)

8 87 85 83
Binding Energy (eV)
4.0 -
@ <
L]
g
3.0 -

2.0 A

1.0 4

344 339 334 329
Binding Energy (eV)

Figure 3. (a) XPS survey spectra of (i) Fe;O,, (ii) Fe;0,@SiO,NPs, (iii) Fe;0,@Si0,-NH,-AuNPs, and (iv) Fe;0,@Si0,-NH,-Au@PdNPs.
High resolution core level Au 4f spectra of (b) Fe;0,@Si0,-NH,-AuNPs, (c) Fe;0,@Si0,-NH,-Au@PdNPs, and (d) Pd 3d spectrum of Fe;O,@

$i0,-NH,-Au@PdNPs.

form Fe;O,@SiO-NH,-Au@PdNPs, Figure la-iv. The masking
of the AuNPs SPR confirms the formation of the Pd shell on
the deposited AuNPs and is consistent with the formation of
bimetallic (Au@PdNPs) with Au core and Pd shell.*'

The DLS results, in Figure 1b, clearly showed the changes in
{-potential for the synthesized nanoparticles measured in pH
7.0. The {-potential values indicate that the Fe;O, (—21.0 mV)
and Fe;0,@SiO,NPs (—27.2 mV) were negatively charged at
neutral pH 7.0 with an isoelectric point at pH 4.0. The
negative {-potential values were ascribed to the presence of the
surface hydroxyl (—OH) and silanol (Si—OH) groups. After
the modification of the Fe;O,@SiO,NPs with APTES, the {-
potential at neutral pH increased from —27.2 to +31.4 mV and
the isoelectric point shifted to pH 10. The changes in the value
of the (-potential to a more positive value (+31.4 mV)
confirmed the grafting of APTES to the Fe;O,@SiO,NPs
forming Fe;O0,@Si0,-NH,NPs with terminal amine groups.
However, the deposition of the AuNPs and Pd shell to form
Fe;0,@Si0,-NH,-Au@PdNPs resulted in a shift of the {-
potential to more negative values to —10.2 mV for Fe;0,@
SiO,-NH,-AuNPs and —23.2 mV for Fe;O0,@SiO,-NH,-Au@
PANPs. The potential changes after the deposition of the
bimetallic Au@Pd were attributed to the N—Au and Pd shell
formation. The negative charge is due to the borohydride
(BH,") anions capping the gold and palladium shell.

Figure 1c shows the X-ray diffractograms of (i) Fe;O,, (ii)
Fe;0,@Si0,-NH,NPs, (iii) Fe;0,@Si0,-NH,-AuNPs, and
(iv) Fe;0,@Si0,-NH,-Au@PdNPs. The XRD pattern of the
Fe;0, in Figure lc-i showed six characteristic diffraction peaks
(20) at 30.2, 35.8, 43.4, 54.2, 57.8, and 62.8° corresponding to
the (220), (311), (400), (422), (511), and (440) crystal planes
of pure magnetite (Fe;O,) with a cubic spinel structure
(JCPDS No: 03-065-3107). The high crystallinity of the Fe;O,
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was evident from the sharp diffraction pattern peaks. The XRD
pattern of Fe;O,@SiO,NPs in Figure S1b was similar to that of
Fe,;0,@Si0,-NH,NPs. We have shown the XRD pattern of
Fe;0,@Si0,-NH,NPs in Figure lc-ii as representative of the
two samples. The XRD pattern of the Fe;O,@SiO,-NH,NPs
in Figure lc-ii showed that the crystallinity of the Fe;O, core
was retained after the silica coating. The broad diffraction band
at 26 < 20.1° corresponds to the amorphous nature of the silica
shell and confirms the coating of the magnetic core with a silica
shell. The XRD pattern of Fe;O,@SiO,-NH,-AuNPs and
Fe;0,@Si0,-NH,-Au@PdNPs in Figure 1c-iii)iv, respectively,
showed additional diffraction peaks (26) at 38.5, 68.05, and
77.8°. These were indexed for the Miller Indices (111), (220),
and (311) planes of the face-centered cubic structure of the
crystalline Au core even after coating with Pd shell. After the
deposition of Pd shell for the formation of Fe;O,@SiO,-NH,-
Au@PdNPs, the intensity of the Au(111) peak in Figure lc-iv
decreased. The attenuation of the AuNP peak has previously
been observed in the XRD pattern of core—shell nano-
particles.**}

A transmission electron microscope (TEM) was used to
confirm the detailed morphology and nanoscale dimensions of
the nanoparticles. Figure 2 shows the TEM micrograph and
corresponding size distribution histograms of (a) Fe;O,NPs,
(b) Fe;0,@SiO,-NH,NPs, and (c) Fe;0,@SiO,-NH,-Au@
PANPs. The TEM micrograph, in Figure 2a, of Fe;O,,
exhibited spherical monodispersed nanoparticles with an
average size distribution of 15.0 + 1.8 nm. The TEM
micrograph of Fe;O,NPs coated with silica shell, Fe;O,@
SiO,NPs (data not shown), was similar to that of the Fe;0,@
SiO,-NH,NPs shown in Figure 2b. The Fe;0, core was visible
with a single Fe;O,NP within a silica shell, in Figure 2b. The
TEM also showed core—shell nanoparticles agglomerated and
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overlapping with each other. The Fe;O,@SiO,-NH,NPs have
an average size of 42.5 + 13.9 nm. The magnetic separation
also afforded only the silica-coated nanoparticles with Fe;O,
core. The growth in nanoparticle sizes from 15.0 + 1.8 nm for
Fe;O,NPs to 42.5 = 13.9 nm Fe;O,@SiO,-NH,NPs
confirmed the formation of the silica shell. The TEM images
of Fe;0,@Si0,-NH,-Au@PdNPs in Figure 2c showed
agglomeration with some distinct deposited nanoparticles
smaller in sizes to the Fe;O,NPs. The TEM image of
Fe;0,@S8i0,-NH,-Au@PdNPs in Figure 2c shows the
presence of the dispersed Au@PdNPs as dark spots. The
size distribution of the Au@PdNPs was 7.8 + 3.9 nm. The size
of AuNPs grew from 3.5 to 7.8 + 3.9 nm. The growth of the
Au@PdNPs was due to the formation of Pd shell encapsulating
3.5 nm AuNPs. The TEM images confirmed the successful
deposition of Au@PdNPs and formation of Fe;O,@SiO,-
NH,-Au@PdNPs. The sizes of the nanoparticles was measured
using the TEM, as shown in the Figure S2.

Furthermore, the elemental composition of each sample was
investigated using energy dispersive X-ray spectroscopy (EDS).
Figure S3 (SI) shows the EDS spectra of (a) Fe;O, (b)
Fe;0,@Si0,-NH,NPs, and (c) Fe;0,@Si0,-NH,-AuNPs and
Fe;0,@Si0,-NH,-Au@PdNPs. The various elements were
observed corresponding to the nanoparticles investigated. We
noted the presence of Fe, C, and O for the Fe;O, (oleate); in
addition, Si peak was observed at Fe;O,@SiO,NPs; Au and Pd
peaks were observed at Fe;O,@SiO,-NH,-AuNPs and
Fe;0,@Si0,-NH,-Au@PdNPs, respectively. The quantitative
analysis of the elemental composition was observed and are
summarized in Table S1. The Fe peak was observed even after
coating with a silica shell. The X-rays of the EDS have a high
depth resolution that penetrates deep into the core of the
nanoparticles. The decrease in Fe peak and an increase in O
peak was observed after each modification with a silica shell.
The Fe peak decreased further as the modification continued.
The O peak increased after APTES-AuNPs coat and decreased
after Au@PdNP formation. The Si peak was observed after the
silica coating and persisted even after decorating the Fe;O,@
SiO,-NH,NPs with Au@PdNPs. The Au peak was observed
after AuNPs decoration. It decreased after Pd shell for Fe;O,@
SiO,-NH,-Au@PdNPs. The EDS gives a rough estimate of the
elemental composition. X-ray photoelectron spectroscopy
(XPS) was used to further confirm the elemental composition
and the oxidation states of the elements present within each
sample. XPS is a sensitive quantitative analytical technique.

Figure 3 shows the (a) XPS survey spectra, high-resolution
Au 4f core-level spectra of (b) Fe;0,@SiO,-NH,-AuNPs and
(c) Fe;0,@Si0,-NH,-Au@PdNPs, and (d) high-resolution
Pd 3d core level spectrum of Fe;O0,@SiO,-NH,-Au@PdNPs.
The survey spectra were for (i) Fe;O,, (ii) Fe;0,@SiO,NPs,
(iii) Fe;0,@Si0,-NH,-AuNPs, and (iv) Fe;0,@SiO,-NH,-
Au@PdNPs. The survey spectrum of Fe;O, in Figure 3a-i
shows elements present in the sample at 54 eV (Fe 3p), 92 eV
(Fe 3s), 283 eV (C 1s), 531 eV (O 1s), and 711—-722 eV (Fe
2p). The elemental composition was 31.3% (Fe 2p), 30.2% (C
1s), and 38.5% (O 1s). The ratio of Fe 2p to O 1s was 3 to 4,
confirming that the Fe;O, was synthesized as confirmed by the
XRD results above. The C 1s was due to the hydrocarbon
backbone of the oleate capping agent. The Fe peaks (Fe 3p, Fe
3s, and Fe 2p) disappeared after coating the Fe;O, with a silica
shell to form Fe;O,@SiO,NPs in Figure 3a-ii. The additional
two peaks assigned to the binding energies of Si 2p (100 eV)
and Si 2s (152 eV) were observed, confirming the silica shell.
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Compared with the EDS analysis, XPS is a surface technique
and X-rays have 10 nm depth resolution.** This resulted in the
attenuation of the Fe peaks by the silica shell. The average size
distribution of the Fe;O,NPs was 15.0 + 1.8 nm, and after the
silica shell the average size was 42.5 + 13.9 nm. The average
shell size was ~14 nm and hence resulted in the attenuation of
the Fe peaks. The survey spectrum of Fe;O,@SiO,-NH,-
AuNPs in Figure 3a-iii showed additional peaks at Au 4f (82
eV), Au 4d (331 eV), Au 4p (686 eV), and N 1s (392 eV).
The presence of the N 1s peaks confirmed the successful
modification of Fe;O,@SiO,NPs with APTES to form
Fe;0,@Si0,-NH,NPs. The Au peaks (Au 4f, Au 4d, and Au
4p) confirm the successful deposition of AuNPs to form
Fe;0,@Si0,-NH,-AuNPs. Also, the appearance of the Pd 3d
peak at 333.5 eV in Figure 3a-iv confirmed the deposition of
Pd to form Fe;O,@SiO,-NH,-Au@PdNPs. The elemental
composition is summarized in Table S2.

The high-resolution core-level XPS spectra of Au 4f and Pd
3d in the Fe;0,@SiO,-NH,-AuNPs and Fe;0,@SiO,-NH,-
Au@PdNPs were analyzed to determine the oxidation state of
Au and Pd. The deconvoluted Au 4f high-resolution spectrum
of Fe;0,@Si0,-NH,-AuNPs in Figure 3b was fitted into five
components with two pairs of doublets ascribed to the Au 4f,,
and Au 4f;, with split spin—orbit coupling (A) of 3.7 eV. The
most prominent peaks at 83.6 eV (48.9%) and 87.3 eV
(41.9%) were assigned to Au 4f,/, and Au 4f;, of metallic gold
(Au®). The value of the Au’ binding energies in Fe;0,@Si0,-
NH,-AuNPs was 0.4 eV lower than 84.0 eV for Au 4f,/, and
87.7 €V for Au 4f;;, of pristine gold nanoparticle.”** The
peaks at 85.5 eV (3.54%) and 89.4 eV (4.4%) were assigned to
Au* oxidation state. The Au® (at 83.6 V) and Au* (at 85.5 eV)
are 1.9 eV apart, which is approximately 2.0 eV."” The
deposited AuNPs bonded to the APTES (—NH,) and BH,~
capping agent, resulting in the Au® oxidation state. The
deconvolution of the Au 4f spectrum of Fe;O,@SiO,-NH,-
Au@PdNPs in Figure 3¢ was fitted into four components. The
binding energies of Au 4f,/, and Au 4f;,, increased from 83.6
to 87.3 eV in Fe;0,@Si0,-NH,-AuNPs to 84.0 eV (52.1%)
and 87.8 eV (41.0%) for Au 4f,,, and Au 4f; ,; respectively for
Fe;0,@Si0,-NH,-Au@PdNPs. The increase in binding
energy is consistent with previous studies on supported
bimetallic Au—Pd nanoparticles.””***” The shift of the Au 4f
peak in Fe;0,@Si0,-NH,-Au@PdNPs to higher binding
energy values suggested that there exists an electron transfer
interaction between the Au core and the Pd shell. Electrons
flow from the Au to the d-orbital of the Pd due to charge
complexation between Au and Pd.’>>' The Au gains sp-type
charges and loses d-charge.

The XPS analysis reveals that there was strong metal-to-
metal interaction (Au—Pd) between the Au core and the Pd
shell. The deconvoluted spectrum of Pd 3d in Figure 3d was
fitted into seven components. The binding energy values of Pd
3d overlapped with Au 4d for the Fe;O0,@SiO,-NH,-Au@
PdNPs. The main components at binding energies of 335.1 eV
(41.5%) and 340.2 (22.7%) were assigned to the Pd 3ds,, and
Pd 3d;), respectively. The split spin-orbit coupling (A)
between Pd 3ds/, and Pd 3d;,, was 5.2 eV, which is close to
previously reported values.”” Pd 3ds, and Pd 3d;, were
attributed to PANPs with an oxidation state of zero for Pd® and
Pd**. The binding energies of Pd 3d;,, and Pd 3d,, shifted to
lower energy by 0.7 eV relative to the binding energies of pure
metallic Pd nanoparticles.”> The lowered binding energy of the
Pd 3d further confirms that Pd formed a shell around the

DOI: 10.1021/acsami.9b15123
ACS Appl. Mater. Interfaces 2020, 12, 1973—1987


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15123/suppl_file/am9b15123_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15123/suppl_file/am9b15123_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15123/suppl_file/am9b15123_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15123/suppl_file/am9b15123_si_002.pdf
http://dx.doi.org/10.1021/acsami.9b15123

ACS Applied Materials & Interfaces

Research Article

3.0

2.5 A

2.0

1.5 A

1.0 -

Intensity (cps x 10%)

0.5

"
il

Tiin | |

0.0

Binding Energy (eV)

406 404 402 400 398 396 394

Intensity (cps x 10%)

406 404 402 400 398 396 394
Binding Energy (eV)
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Fe,0,@5i0,-NH,-Au@PdNPs.

AuNPs core in the Fe;0,@SiO,-NH,-Au@PdNPs. The
additional doublet located at 336.8 eV (12.7%) and 342.5
(7.2%) was attributed to the Pd"3ds/, and Pd"3d;/, of PdO,
respectively. The Au 4d peak at 332.9 (6.8%) with its split
spin-orbit couple at 344.0 (3.5%) were characteristics of the
Au 4d;/, and Au 4d;,, with A of 11.1 eV. A similar decrease in
binding ener6gies was reported for various metallic nano-
particles.”*™>° In addition to the high resolution of Au 4f and
Pd 3d, the N 1s was also investigated. Figure 4 shows the high-
resolution N 1s core-level spectra of (a) Fe;0,@SiO,-NH,NPs
and Fe;O,@SiO,-NH,-AuNPs. In Figure 4a, the N 1Is
spectrum was deconvoluted into two peaks at 399.5 eV (N—
H, C—N) and 401.5 eV (—NH;"). Both peaks were due to the
propylamine (C—N and N—H) functional group from the
APTES. After the adsorption of Au@PdNPs onto Fe;O,@
SiO,-NH,NPs, in Figure 4b, the N 1s high resolution core level
spectrum was deconvoluted, and three peaks were obtained at
3987 €V (Au—N), 400.3 eV (N—H, C—N), and 4022 eV
(—NHj;"). It was interesting to obtain the synthesized peak at
low binding energy (398.7 eV) corresponding to N—AuNPs
and same for N—Au@PdNPs. The data confirms the formation
of Fe;O,@Si0,-NH,-Au@PdNPs.

Peroxidase-Like Activity of Fe;0,@SiO,-NH,-Au@
PdNPs. The peroxidase-like activity of the Fe;O0,@SiO,-
NH,-Au@PdNPs was investigated using TMB as chromogenic
substrates in the presence of H,O, The detailed procedure in
the Experimental Section (in the SI) was carried out for the
peroxidase-like activity of Fe;O,@SiO,-NH,-Au@PdNPs.
Figure S shows the (a) images and (b) UV—vis absorption
spectra in an acetate buffer (pH $.0) solution containing (i)
6.67 mM H,0, + 0.42 mM TMB, (ii) 6.67 mM H,0, + 1.33
ug L' Fe;0,@8Si0,-NH,-Au@PdNPs, (jii) 0.42 mM TMB +
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1.33 ug L' Fey0,@Si0,-NH,-Au@PdNPs, and (iv) 6.67 mM
H,0, + 0.42 mM TMB + 1.33 ug L™ Fe,0,@Si0,-NH,-Au@
PdNPs. The image in Figure Sa-iv shows that a deep blue color
developed in the presence of H,0, + TMB + Fe;0,@SiO,-
NH,-Au@PdNPs and due to the oxidation of 3,3,5,5-
tetramethylbenzidine (TMB) to 3,3',5,5'-tetramethylbenzodii-
mine (TMBDI). The other combinations in Figure Sa-i—iii
showed a clear solution. The UV—vis absorption spectrum in
Figure Sb-iv showed that the TMBDI product had maximum
absorption at 370 and 652 nm. This confirmed that Fe;O,@
SiO,-NH,-Au@PdNPs possess intrinsic peroxidase-like activ-
ity. Similar results were observed when horseradish peroxidase
(HRP) was used for the oxidation of TMB to form TMBDI in
the presence of H,0,. The clear solutions in Figure Sa-i—iii did
not produce absorption in the wavelength measured. This
experiment showed that TMB + H,0, + Fe;0,@SiO,-NH,-
Au@PdNPs are required for the efficient oxidation of TMB to
TMBDI. The color development of TMBDI was monitored
with time, and an increase in absorption was observed up to 28
min, in Figure S4a-iv. Other nanomaterials, in Figure S4a-i for
Fe,0,@Si0,-NH,NPs, (ii) Fe;0,@Si0,-NH,-AuNPs, and
(iii) Fe;0,@ SiO,-NH,-PdNPs also exhibited an increase in
absorption at 652 nm confirming their peroxidase-like activity.
The Fe,O,@SiO,-NH,-Au@PdNPs showed 70% enhance-
ment in the absorption and formation of TMBDI better than
Fe;0,@SiO,-NH,NPs with AuNPs and PdNPs alone. The
silica shell-coated Fe;O,@SiO,-NH,NPs, exhibited a minimal
increase in the absorption at 652 nm compared with metal-
coated nanomaterials. The oxidation of TMB occurred on the
metal nanoparticle and only in the presence of H,O,, which
undergoes reduction and oxidize TMB to TMBDI The
leaching test in acid-treated nanoparticles was studied to
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investigate whether the peroxidase-like activity originates from
an intact Fe;O,@Si0,-NH,-Au@PdNPs or leached metal ions
(Fe**, Pd*, and Au’*). The Fe;0,@Si0,-NH,-Au@PdNPs
were incubated in the pH 4.5 sodium acetate buffer for 3 h.
The intact Fe;O,@SiO,-NH,-Au@PdNPs were collected by
magnetic separation. The collected nanaoparticles and the
supernatant were each evaluated for their peroxidase activity.
Figure S4b shows the UV—vis absorption spectra of TMBDI
catalyzed by (i) supernatant solution and (ii) recovered
Fe;0,@Si0,-NH,-Au@PdNPs. The UV-—vis spectrum in
Figure S4b-i for the supernatant showed negligible absorption
peaks at 370 and 652 nm when compared with the strong
absorption peaks for Fe;O,@SiO,-NH,-Au@PdNPs, in Figure
2b-ii. This confirmed that the peroxidase-like activity was due
to the intact Fe;O,@SiO,-NH,-Au@PdNPs. Since, Fe;O,@
SiO,-NH,-Au@PdNPs showed better peroxidase-like activity,
they were investigated further. Different batches of Fe;0,@
SiO,-NH,-Au@PdNPs, in Figure S4c, showed reproducible
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TMBDI color development with relative standard deviation (%
RSD, n = 3) less than 3.5%.

Effect of Pd-Shell Thickness on Peroxidase-Like
Activity of Fe;0,@SiO,-NH,-Au@PdNPs. The Fe,0,@
SiO,-NH,-Au@PdNPs were synthesized from the same batch
of Fe;0,@Si0,-NH,-AuNPs by adding different concentra-
tions of H,PdCl, ranging from 0.10 to 0.50 mM and the same
concentration of NaBH,. The synthesized nanoparticles were
represented as Fe;0,@Si0,-NH,-Au@Pd,(NPs, Fe;0,@
$i0,-NH,-Au@Pd, ,,NPs, Fe,0,@SiO,-NH,-Au@Pd, ;,NPs,
Fe;0,@Si0,-NH,-Au@Pd, 4,cNPs, and Fe;O,@SiO,-Au@
Pd,,NPs for 0.10, 0.20, 0.30, 0.40, and 0.50 mM H,PdCl,
concentrations, respectively. Figure 6a shows the UV-—vis
absorption spectra of peroxidase-like activity in 6.67 mM H,O,
+ 0.42 mM TMB with 1.33 ug L' of (i) Fe,;0,@Si0,-NH,-
Au@Pd, ,oNPs, (i) Fe;0,@SiO,-NH,-Au@Pd,,,NPs, (i)
Fe;0,@Si0,-NH,-Au@Pd, ;0NPs, (iv) Fe,;0,@SiO,-NH,-
Au@Pdy,y NPs, and (v) Fe;0,@Si0,-NH,-Au@Pd, ;,NPs,
and (b) plot of absorption intensity versus [H,PdCl,]
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concentrations of the Pd shell. The absorption intensity
increased with increasing concentration of H,PdCl, up to 0.30
mM and decreased afterward. The increase in the absorption
intensity was attributed to an increase in Pd shell thickness as
the concentration increased, allowing the efficient electron
transfer to occur. After 0.30 mM, the increase in a Pd-shell
could not allow for the efficient electron transfer from the
AuNPs to Pd-shell and hence the decreased in intensity.
Therefore, 0.30 mM of H,PdCl, afforded an optimum Pd-shell
for efficient electron transfer and was the optimum
concentration chosen for Pd-shell deposition in Fe;O0,@
SiO,-NH,-Au@Pd, 3oNPs. Figure 6b shows that the Fe;O0,@
SiO,-NH,-Au@Pd, 30NPs had the highest absorption intensity
and is the optimum concentration of H,PdCl, for a Pd shell.
Therefore, Fe;O,@SiO,-NH,-Au@Pd;;,NPs was used for
subsequent studies. It was also interesting to observe that the
XRD patterns of increasing concentration of H,PdCl, resulted
in the attenuation of the Au(111) peak in the XRD pattern in
Figure SSa. The XRD pattern in Figure S5a shows that Pd shell
grew as the concentration of H,PdCl, increased. The
attenuation of the intense Au(111) peak with increasing
concentrations of H,PdCl, suggests that the PdNPs were
deposited on the AuNPs of Fe;O,@SiO,-NH,-AuNPs that
acted as nucleation sites. PANPs can also be deposited onto the
vacant Fe;O,@SiO,-NH,NPs.

Effect of Conditions on Peroxidase-Like Activity of
Fe;0,@Si0,-NH,-Au@Pd, 3)NPs. The effect of pH, temper-
ature, the concentration of TMB and H,0O, on the peroxidase-
like activity of the Fe;O,@SiO,-NH,-Au@Pd,;NPs was
evaluated. Figure 7 shows the effect of (a) pH (1-10), (b)
temperature (15—80 °C), (c) [H,0,] (0—100 mM), and (d)
[TMB] (0.0-2.4 mM) on the Fe;0,@SiO,-NH,-Au@
Pdy30NPs peroxidase-like activity. In Figure 7a, the pH 5.0
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showed the maximum activity as measured by the highest
absorption at 625 nm. The other pH 4.0 and 6.0 showed
comparable activity to pH 5.0. A drastic decrease was observed
at high pH > 8.0, and due to the instability of H,O,, at alkaline
pH. The wider pH range has been reported for some other
peroxidase-like nanozymes”'*°” and therefore would be
beneficial for sensing applications. In Figure 7b, the effect of
temperature on the peroxidase-like activity was also inves-
tigated and increased up to 30 °C and drastically decreased
afterward. Thus, 30 °C is the optimum temperature for the
Fe;0,@Si0,-NH,-Au@Pd, ;)NPs. The effect of concentra-
tions of H,O, and TMB was studied in Figure 7¢,d. An
increase in peroxidase-like activity for H,O, concentrations up
to 40.0 mM and for TMB concentrations up to 0.80 mM was
observed, and these concentrations were taken as optimum. A
decrease in the relative activity was observed at higher
concentrations of H,0, (>40.0 mM) in the reaction system.
At higher concentrations of H,0, and TMB, there is a
competition for single catalytic sites on the Fe;O0,@SiO,-NH,-
Au@Pd,;(NPs, as a result no catalysis occured. The
competition for single catalytic sites results in the decrease
catalytic activity. This phenomenon is similar to that observed
for HRP and some other peroxidase-like nanozymes.’>>’
Similarly, the relative activity increases gradually with
increasing TMB concentration and attained a plateau at higher
TMB concentrations.

Enzyme-Like Kinetics of Fe;0,@Si0,-NH,-Au@
Pdo3oNPs Peroxidase-Like Activity. The steady-state
kinetics of TMB oxidation using Fe;0,@SiO,-NH,-Au@
Pd,30NPs was studied by changing the concentration of either
TMB or H,0, while keeping the concentrations of other
reagents constant. A series of initial rates (V,) of TMB
oxidation were calculated from the time-dependent absorption
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Figure 9. (a) Fluorescence spectra of the interaction of HTA and (b) EPR signal or the interaction of DMPO as *OH spin trap after introducing
different concentrations of Fe;0,@Si0,-NH,-Au@Pd,;,NPs ranging from (i) 0.0 ug mL™" to (vi) 150.0 ug mL™". (c) Cyclic voltammograms of
GCE-Fe;0,@Si0,-NH,-Au@Pd, ;)0NPs electrode in 0.10 M sodium acetate buffer (pH 5.0) in the (i) absence, (ii) and presence of 6.67 mM

H,0,, and (d) amperometric response at increasing [H,0,].

value at 652 nm. The absorption values were converted to
concentrations using the molar absorption coeflicient of
oxidized TMB products (X rypex = 39000 M™! cm™ at 652
nm) using eq 1.7

A

[TMB,] = ——
Dirws,g X L

(1)

The typical Michaelis—Menten curves were obtained by
plotting the initial rates against concentrations of TMB or
H,0,. The Michaelis—Menten parameters (Michaelis—Ment-
en constant, K, and maximum velocity, V) for H,O, and
TMB were obtained from the Lineweaver—Burk or double

reciprocal plot (L Vs L) using eq 2.

Y [$]
1 K, 1
VO Vmax[s] Vmax (2’)

Figure 8a,b shows that the peroxidase-like activity of Fe;O,@
SiO,-NH,-Au@Pd, 3o NPs follows a typical Michaelis—Menten
enzyme behavior. The double reciprocal of the initial rate (V,)
versus the substrate concentrations in Figure 8c,d gave an
excellent linear relationship. Equations 3 and 4 shows the
linear regression equations

1 1
— =115 X 10°——— + 1.12 x 10/, R* = 0.994
v, [TMB]

3)
1 _ 6 7 2 _
— =525% 10 + 148 X 10/, R* = 0.994
Vo [H,0,]

(4)
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The K, and V,,, values were calculated from the slope and
intercepts of the corresponding linear graphs. The result of the
calculated parameters and the comparison with other nano-
zymes and HRP are summarized in Table S3. The K, values of
0.35 and 0.09 mM were obtained for H,0, and TMB,
respectively. The K, values for both substrates were lower than
that of HRP,'"® indicating that Fe,;0,@SiO,-NH,-Au@
Pdy;NPs showed high affinity for TMB and H,0, than
HRP. The higher affinity for both substrates is attributed to the
large surface area and numerous active catalytic sites on the
Fe,0,@Si0,-NH,-Au@Pd, ;,NPs. The V. of Fe,0,@SiO,-
NH,-Au@Pd, ;)NPs with TMB as substrate (8.65 X 107 M
s7!) and H,0, as the substrate (6.78 x 107 M s7') was
comparable to that of HRP (8.70 x 107 M s™!)."" Also, the
K, of Fe;0,@SiO,-NH,-Au@Pd,;,NPs with the TMB
substrate (0.090 mM) was lower than that of FePt-Au hybrid
(0.46 mM),*" Fe-MiL-88-NH, (0.28 mM),*> ZnFe,0, MNPs
(0.85 mM),”> and CuO—Au nanoalloys (3.54 mM)'"’ and
comparable to that of CuONPs (0.010 mM)®* and Pt/Ni@
NGT (0.019 mM).®® Fe;0,@Si0,-NH,-Au@Pd, 3,NPs have a
higher affinity for TMB and H,0, compared with the
previously reported nanozymes. The kinetic parameters
showed that Fe;O,@SiO,-NH,-Au@Pd, ;(NPs possessed
excellent peroxidase-like activity. The double reciprocal plots
of TMB oxidation against the H,0, at different fixed TMB
concentrations afforded a set of linear and parallel lines, Figure
8c,d. This is indicative of the ping-pong 7-7 mechanism
(double displacement mechanism). The Fe;0,@SiO,-NH,-
Au@Pd, ;(NPs react with the first substrate (H,0,) to produce
products (H,O and O,) and then react with the second
substrate, TMB, to produce colored products (TMBDI). This
mechanism is similar to that of HRP."" The kinetic studies
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Scheme 2. Proposed Peroxidase-Like Mechanism of the Fe;O0,@Si0,-NH,-Au@Pd, ;,NPs
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showed that the peroxidase-like activity of Fe;0,@SiO,-NH,-
Au@Pd, 5)NPs is superior to that of HRP.

Mechanism of Peroxidase-Like Activity of Fe;0,@
Si0,-NH,-Au@Pd, 30NPs. The mechanism of the peroxidase-
like activity of nanozyme can either proceed via the Fenton-like
reaction or the electron transfer process.“’67 Fenton’s reaction
pathways involve the decomposition of H,O, to produce
reactive oxygen species (ROS) such as hydroxyl (T°OH),
superoxide (O,*”) and peroxy (HO,*”) radicals. First, the
peroxidase-like activity of Fe;O,@SiO,-NH,-Au@Pd, ;,(NPs
via the generation of ROS was investigated using the
fluorescence of terephthalic acid and $,5-dimethyl-1-pyrroline
N-oxide (DMPO) as radical trapping experiments. Figure 9a
shows that the hydroxyterephthalate (HTA) fluorescence and
(b) DMPO/*OH electron paramagnetic resonance (EPR)
adduct signal decreased with increasing concentrations of
Fe;0,@Si0,-NH,-Au@Pd, ;(0NPs. This indicated that the
Fe;0,@Si0,-NH,-Au@Pd, 30NPs did not generate ROS.
The electrocatalytic behavior of Fe;O,@SiO,-NH,-Au@
Pdy;NPs was investigated to verify the electron transfer
process. The glassy carbon (GC) electrode was modified with
the Fe;0,@Si0,-NH,-Au@Pd,3;)NPs, the cyclic voltammetric
(CV) and amperometric measurements were recorded in the
presence and absence of H,0,. The CV of the bare GCE
electrode is similar, within the studied potential window
(+0.60 to —0.40 V), to that of GCE-Fe;0,@Si0,-NH,-Au@
Pd,3oNPs in Figure 9¢-i. The GCE did not show an increase in
the reduction current in the absence and presence of H,0,.
The Fe;0,@8SiO,-NH,-Au@Pd, 3(NPs modified GC electrode
in Figure 9c-ii showed an electrocatalytic reduction current
with a peak at —0.35 V vs AglAgCl with the addition of H,O,
into the acetate buffer (pH 5.0) solution. The electrocatalytic
reduction scan showed an early onset at +0.33 V vs AglAgClL
The chronoamperomograms in Figure 9d are for (i) bare GCE
and (ii) GCE-Fe;0,@Si0,-NH,-Au@Pd,;,NPs after each
addition of 20 yL of 0.10 mM H,0, (indicated by arrows).
The current response of the GCE-Fe;O,@SiO,-NH,-Au@
Pdy30NPs electrode was higher than that of the bare GC
electrode. The current response increases steadily with
increasing successive addition of 0.10 mM H,0,. This showed
that Fe;O,@Si0,-NH,-Au@Pd, ;,NPs possess excellent elec-
trocatalytic activity and facilitate electron transfer between the
electrode (electron donor) and H,0, (electron acceptor).
Hence, the peroxidase-like activity of Fe;O,@SiO,-NH,-Au@
Pdy;NPs was attributed to an electron transfer process
mimicking HRP-C."> The increase in electrocatalytic current
for GCE-Fe;O,@Si0,-NH,-Au@Pd, ;()NPs was linearly re-
lated to the concentration of H,0,, as shown in Figure S6a and
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better than that of bare GCE in Figure S6b in terms of current
density. About 98% of the signal was obtained with 1 s of H,0,
injection, thus showing a quick response of GCE-Fe;0,@SiO,-
NH,-Au@Pd, 3(NPs. The limit of detection for GCE-Fe;O,@
SiO,-NH,-Au@Pd, ;(NPs toward H,O, was calculated using a
signal-to-noise ratio of 3 and found to be 4.0 yM with the
sensitivity of 0.57 uA uM™".

The mechanism of peroxidase-like activity of Fe;O,@SiO,-
NH,-Au@Pd, ;(NPs follows the redox cycles in Scheme 2. The
first step involves the reduction of H,O, by Fe;0,@SiO,-NH,-
Au@Pd,(NPs, which is oxidized. This electron transfer
process occurs from Au-core to Pd-shell and to the H,O, as
an electron acceptor. In the second step, TMB undergoes
oxidation to TMBDI (blue color) and reduction of the Pd-shell
of the Fe;O,@Si0,-NH,-Au@Pd,;(NPs occurs. The perox-
idase-like activity of the Fe;O,@SiO,-NH,-Au@Pd, ;,NPs via
electron transfer is similar to the HRP-C,G8 FePt-Au,61
AuNP@CDs,"® MoS, nanosheet’” and Co0;0,.°® This
mechanism explains the (i) ping-pong kinetic behavior of the
Fe;0,@Si0,-NH,-Au@Pd, ;(NPs peroxidase-like activity, (ii)
strong affinity for both H,0, and TMB, thus low K, values,
and (iii) the fast colorimetric response was due to the electron
transfer mechanism and lack of intermediate radical gener-
ation.

An experiment was conducted to confirm oxygen generation
as a product of decomposition of H,0, by Fe;0,@SiO,-NH,-
Au@Pd, ;)NPs. Different concentrations of Fe;0,@SiO,-NH,-
Au@Pd,;)NPs were added to a degassed (Ar saturated)
solution of 10.0 mM H,O, in acetate buffer. Air bubbles were
observed upon addition of Fe;O0,@SiO,-NH,-Au@Pd, ;,NPs
confirming gas evolution. The evolved gas was monitored
using dissolved oxygen (DO) meter and an increase in O,
signal was observed. Figure S7 shows the effect of Fe;O,@
SiO,-NH,-Au@Pd, ;)NPs concentrations on the generation of
dissolved oxygen. The dissolved oxygen concentrations
increased with increasing concentration of the Fe;0,@SiO,-
NH,-Au@Pd,;)NPs up to about 134.0 ug mL~'. The
concentrations of DO remained constant at the addition of
higher concentrations (>134.0 ug mL ™" of Fe;0,@Si0,-NH,-
Au@Pd;NPs). The observed increase in O, generated
suggests that Fe;O0,@Si0,-NH,-Au@Pd,;)NPs decomposes
H,0, into oxygen and water. The O, gas evolution provides
evidence that Fe;O,@SiO,-NH,-Au@Pd, ;(NPs reduces H,O,
following the mechanism as proposed in Scheme 2, that is via
an electron transfer process.

Robustness of Peroxidase-Like Activity of Fe;0,@
Si0,-NH,-Au@Pd, 30NPs Nanozymes. Figure S8 shows the
effect of storage conditions (a) pH (3.0—12.0), (b) temper-
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Figure 10. (a) UV—vis absorption spectra (inset images of Eppendorf tubes), (b) the glucose concentration dependence response of Fe;0,@SiO,-
NH,-Au@Pd, ;)NPs nanozyme glucose sensors, (c) selectivity of glucose amongst other sugars (inset images of vials showing blue color
development), and (d) detection of in the absence and presence of glucose (0.50, 25.0, and 50.0 uM) and GOx + newborn calf serum (NCS).

ature and thermal stability (—20—100 °C), (c) NaCl ionic
strength (0—100 mM), and (d) long-term storage (weeks) on
the peroxidase-like activity of Fe;O,@SiO,-NH,-Au@
Pdy3NPs. Figure S8 shows that there was no significant
change in the peroxidase-like activity of the Fe;O,@SiO,-NH,-
Au@Pd,3(NPs after storing at different temperatures from
—20 to 100 °C. The same was observed for varied pH
conditions during storage from pH 3.0 to pH 12.0 in Figure
S8b. In comparison, HRP loses its activity at temperatures
above 40 °C. The Fe;O,@SiO,-NH,-Au@Pd, ;,(NPs retained
about 95% of its activity, even when subjected to 100 °C
storage conditions. The effect of ionic strength of the storage
solution was evaluated and showed that the activity was
retained from 0 to 100 mM of NaCl in pH 7.0, in Figure S8c.
The stability of the Fe;O,@SiO,-NH,-Au@Pd,,NPs under
prolonged storage conditions was also studied. Figure S8d
shows that 98% of the peroxidase-like activity was retained
after storing at room temperature on a laboratory bench for 3
months. The long-term storage was analyzed every week. The
result demonstrated that the Fe;0,@SiO,-NH,-Au@
Pd, 30NPs peroxidase-like activity was stable under very harsh
environmental conditions not possible with HRP.

Colorimetric Detection of Glucose Using Fe;0,@SiO,-
NH,-Au@Pdg 3)NPs. The Fe;O0,@SiO,-NH,-Au@Pd,;,NPs
were evaluated for their potential application as mimics of
HRP in glucose detection. The level of glucose in body fluids is
of significance in diabetes patients. Therefore, the development
of a simple, low-cost, and sensitive sensor for the detection of
glucose is of great importance. The Fe;0,@Si0,-NH,-Au@
Pdy30NPs were evaluated for a simple colorimetric glucose
sensor when used with glucose oxidase (GOx). Glucose
oxidase (GOx) selectively catalyzes the oxidation of glucose to
gluconic acid and H,0, in pH 7.0 buffer solution. In the
presence of Fe;O,@Si0,-NH,-Au@Pd,;(NPs, the enzymatic
generated H, O, facilitated the oxidation of the TMB to its blue
TMBDI products, as illustrated in eqs S and 6
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glucose oxidase i .
D — glucose + O, ——— gluconic acid + H,0,

(s)

Fe; O, @Si0, —NH, —Au@Pd, 3, NPs

2H,0, + TMB TMBDI

+ 2H,0 + O, (6)

The absorbance of the TMBDI at 652 nm was proportional to
the concentration of glucose and was used to quantify glucose.
Figure 10 shows (a) the UV—vis absorption spectra, (b) the
glucose concentration dependence response of Fe;O,@SiO,-
NH,-Au@Pd, 5,NPs nanozyme glucose sensors, (c) selectivity
of glucose amongst other sugars, and (d) detection of glucose
in newborn calf serum (NCS). In Figure 10a, an increase in
absorption as the concentration of glucose increases was
observed at 652 nm. The color dependence of the absorption
was also observed in the inset in Figure 10a. Figure 10b shows
that the plot of relative change in absorption intensity

( Adgs; _ Agu—4

AO
#M showing the Michaelis—Menten relationship. A, and A,
represent the absorbance for glucose and blank samples,
respectively. The inset in Figure 10b shows that the glucose
concentration was linear from 0.010 to 60 yM. The linear

= 0.0495 [glucose] + 1.03 with

R?* of 0.99. The limit of detection (LoD) and quantification
(LoQ) was estimated from the slope (m) of the linear
regression and the standard deviation (o) of the blank samples
(1.0 nM, n=9) as 3 and 10 6 m™}, respectively. The LoD and
LoQ were estimated to be 60 and 200 nM, respectively. The
LoD was lower than the concentration of glucose in the serum
sample of a healthy individual (3.0—-8.0 mM) and diabetes
patients (9.0—40.0 mM). The Fe;0,@SiO,-NH,-Au@
Pdj;oNPs nanozyme glucose sensor showed better or
comparable detection limit and linear range when compared
with other nanozyme-glucose sensors summarized in Table 1.
The high sensitivity of the glucose sensor was ascribed to the

) increased and reached a plateau at 300

0

AAGSZ

regression equation was
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Table 1. Comparison of Performance of Fe;0,@SiO,-NH,-
Au@Pd, ;(NPs for Glucose Detection with Other
Nanozyme-Based Glucose Biosensors

linear range limit of detection

nanozymes (uM) (uM)
Fe;0,@Si0,-NH,-Au@Pd, )NPs 0.010—60 0.060
Fe;0, NPs'’ 50—1000 30.0
CuO—Au alloy"’ 0-30 6.80
Pd—Cu/rGO nanohybrids®* 0.5-50 0.30
CeO,/nanotube TiO,** 1-50 6.10
FeSe-Pt@SiO, nanocomposite69 0.11-227 0.13
Ficin/SiO,@Fe;0, hybrid”® 2—-10 0.50
Fe,0,@Si0,@Au 5-35 3.00

nanocomposite’

Cu—Ag/tGO”™ 1-30 3.80
Pt/cube-CeO, nanohybrids”> 0—100 4.10

multiple active catalytic sites and the synergistic effect of the
Au@PdNPs. Thus, the developed colorimetric Fe;O,@SiO,-
NH,-Au@Pd, ;)NPs nanozyme glucose sensor exhibited
excellent potential for point-of-care glucose monitoring. The
selectivity of the Fe;O,@Si0,-NH,-Au@Pd, 3(NPs nanozyme
glucose sensor was evaluated by detection of glucose
analogues, including sucrose, fructose, maltose, and lactose in
solution at a concentration of 25.0 uM for each test. Figure 10c
shows that the absorbance of the glucose analogue was
significantly lower than that of glucose. Also, the mixture of the
glucose and the higher concentrations of the glucose analogues
were investigated. As shown in Figure S9, the addition of 100.0
UM of sucrose, lactose, maltose, and fructose has no significant
effect on the detection of glucose even though the
concentrations of the glucose analogues were 4 times higher
than glucose. The results showed that the Fe;0,@SiO,-NH,-
Au@Pd, 3(NPs nanozyme-GOx system exhibited good selec-
tivity for glucose. The high selectivity could be attributed to
the specificity of GOx to glucose and Fe;O,@SiO,-NH,-Au@
Pd;;(NPs nanozymes towards H,0,. The relative standard
deviation for the detection of 25.0 uM of glucose was 1.25% (n
= 12), implying excellent reproducibility.

Detection of Glucose in Fetal or Newborn Calf Serum
Samples. The detection of glucose concentrations in NCS
was studied to mimic the real sample and evaluate the practical
applicability of our Fe;O,@SiO,-NH,-Au@Pd,;(NPs nano-
zyme glucose biosensor. The NCS was spiked with three
different glucose concentrations (0.50, 25.0, 50.0 #M). Figure
10d shows the UV—vis spectra obtained from the spiked serum
samples. The absorption intensity increased with increasing
spiked concentration of glucose in the NCS samples. There
was no significant absorption in the solution without the
addition of GOx, indicating the selectivity of our sensor for
glucose in the serum sample. The concentration of the glucose
in the unspiked NCS was below the detection limit of our
Fe;0,@Si0,-NH,-Au@Pd, ;()NPs nanozyme glucose biosen-
sor. Table 2 shows that the recovery of the glucose biosensor
between 94.6 and 110%. The percentage relative standard
deviation (% RSD) of three measurements were between 0.50
and 1.50%. The results showed excellent precision and
reliability of the Fe;O,@Si0,-NH,-Au@Pd, 3(NP nanozyme-
GOx biosensor for the detection of glucose in the serum
sample.

Reusability of Fe;0,@Si0,-NH,-Au@Pd, ;,NP Nano-
zyme-Based Glucose Detection. Fe,O,@SiO,-NH,-Au@
Pdy30NPs offers additional advantages of reusability due to
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Table 2. Detection of Glucose in Spiked Serum Samples
Using the Recovery Method”

glucose concentration

added detected recovery % RSD (n =
sample (M) (M) (%) 3)
NCS 0.0 ND
NCS + 7.5 uM 7.5 7.9 106.0 0.50
glucose
NCS + 15.0 uM 15.0 14.2 94.6 1.00
glucose
NCS + 30.0 uM 30.0 33.1 110.0 0.90
glucose
NCS + 50.0 uM 50.0 52.5 105.0 1.50
glucose

“ND, non-detectable.

their magnetic properties. The experiments were conducted by
repeating the detection of 50.0 uM glucose for 10 successful
cycles. After each measurement, the detection solution was
placed on a magnetic rack to separate the Fe;O,@SiO,-NH,-
Au@Pd,;)NPs and washed several times with Milli-Q water
and ethanol. The recovered Fe;O,@SiO,-NH,-Au@Pd, 3(NPs
were reused in the next cycle for the detection of glucose.
Figure S10 shows that there was no significant change in the
activity of Fe;0,@SiO,-NH,-Au@Pd,;)NPs after the 10th
successive cycle. About 93% of the peroxidase-like activity of
Fe;0,@Si0,-NH,-Au@Pd, ;()NPs was retained. The results
confirmed the excellent reusability of Fe;O,@SiO,-NH,-Au@
Pdy;NPs for glucose detection, thus being beneficial for
practical applications.

B CONCLUSIONS

In conclusion, we have demonstrated that the synthesis of
nanomagnet-silica as magnetic supports for Au@PdNPs
(Fe;0,@Si0,-NH,-Au@Pd, ;(NPs) was achieved and their
characterization confirmed the successful synthesis. The
peroxidase-like activity of Fe;O,@SiO,-NH,-Au@Pd,;,NPs
was investigated and compared with horseradish-peroxidase.
The peroxidase-like activity of Fe;0,@SiO,-NH,-Au@
Pdy3NPs was higher than that of HRP and also some
peroxidase-like mimetic reported in the literature. The 70%
enhancement in the peroxidase-like activity signal was
observed for Fe;0,@SiO,-NH,-Au@Pd,;,NPs better than
Fe,;0,@Si0,-NH,NPs and the monometallic nanoparticles
(Fe;0,@Si0,-NH,-PANPs and Fe;0,@Si0,-NH,-AuNPs).
The enhanced Fe;O,@Si0,-NH,-Au@Pd, 3(NPs peroxidase-
like activity was attributed to the synergistic interaction
between AuNPs and Pd-shell. The peroxidase-like activity of
Fe;0,@Si0,-NH,-Au@Pd, ;()NPs was found to be optimal at
pH 5.0 and 30 °C. Kinetic analysis of Fe;O,@SiO,-NH,-Au@
Pdy;NPs showed that the peroxidase-like activity followed
typical Michaelis—Menten kinetics. The K, values were
obtained to be 3.50 and 0.060 mM for H,O, and TMB,
respectively. The V.. (107 M s™') values were found to be
6.78 and 8.65 for H,0, and TMB, respectively. The kinetic
parameters showed that Fe;O,@SiO,-NH,-Au@Pd,, ;,NPs had
a higher affinity for TMB and H,0, in comparison to HRP.
The mechanism of the peroxidase-like activity of Fe;O,@SiO,-
NH,-Au@Pd, ;()NPs was confirmed to be via an electron
transfer between H,0,, the nanoparticles, and TMB. Finally,
combining Fe;0,@Si0,-NH,-Au@Pd;(NPs with glucose
oxidase, a simple colorimetric nanozyme-glucose biosensor
was developed. The biosensor showed good sensitivity and

DOI: 10.1021/acsami.9b15123
ACS Appl. Mater. Interfaces 2020, 12, 1973—1987


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15123/suppl_file/am9b15123_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15123/suppl_file/am9b15123_si_002.pdf
http://dx.doi.org/10.1021/acsami.9b15123

ACS Applied Materials & Interfaces

Research Article

selectivity with a linear detection range between 0.010 and
60.0 uM with an LoD of 60 nM and LoQ_of 200 nM. To
investigate the practical applicability of the proposed glucose
sensor, glucose was detected in fetal or newborn calf serum
samples accurately using the Fe;O,@SiO,-NH,-Au@Pd, 3(0NPs
nanozyme-glucose biosensor. Compared with HRP, the
Fe;0,@Si0,-NH,-Au@Pd,;)NPs can be easily prepared
with high stability and reusability with 97% signal retention.
Therefore, the proposed Fe;O,@SiO,-NH,-Au@Pd, ;,NPs
nanozyme-glucose biosensor has great potential in achieving
simple, low-cost, rapid, and sensitive point-of-care glucose
monitoring.
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