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Core-shell Fructus Broussonetiae-like Au@Ag@Pt nanoparticles as
highly efficient peroxidase mimetics for supersensitive resonance-
enhanced Raman sensing

Junrong Li, Liang Lv, Guannan Zhang, Xiaodong Zhou, Aiguo Shen” and Jiming Hu"

We herein present a simple and surfactant-free synthetic strategy to prepare core-shell Fructus Broussonetiae-like
Au@Ag@Pt nanoparticles (FBNPs) via concerted actions of both galvanic replacement and reagent reduction, in which the
chitosan (CS)-mediated epitaxial growth of Pt multi-branches occurs on the cresyl violet (CV) labeled Au core Ag shell
nanoparticles (NPs) at room temperature. The as-prepared novel nanostructures possess intriguing enzyme mimetic
activity due to the formation of Frucus Broussonetiae-shaped Pt shell, the absence of surfactants and the positively
charged CS molecules intertwined within the outermost Pt NPs. Relying on the high sensitivity of resonance-enhanced
Raman scattering (RRS) and the highly efficient intrinsic peroxidase-like activity of FBNPs, H,0, was detected with a wider
detection window from 10 pM to 100 uM when utilizing 3, 3’, 5, 5’-tetramethylbenzidine (TMB) as substrates. It is exactly
based on a H,0,-TMB catalytic oxidation system that a simple, sensitive, selective and universal platform has been
reasonably extended for detection of all peroxidase-related analytes. Glucose with a concentration range (1 nM-200 pM),
for example, has been detected in the presence of glucose oxidase (GOx) with a limit of detection of 1 nM.

1 Introduction

Since the first report on magnetite nanoparticles (NPs) ! that
possess the intrinsic enzyme mimetic activity similar to what
natural peroxidase has, the synthesis and applications of these
artificial enzyme mimetics have been developed by leaps and
bounds. Many peroxidase mimetics, including Au@Pt@Au
NPsZ, CoFe,0, NPs®> 4, nickel oxides, gold nanohybrids6 and
copper sulfide nanorods’, have been widely investigated.
Unfortunately, some of the catalysts may suffer from limited
catalytic performance and complex synthetic routes while
others show low suspending stability and nonuniform size.
Therefore, should be made to
nanomaterial with high peroxidase mimic activity and
satisfying physical character. In general, an ideal candidate to
be proposed as peroxidase mimetics should satisfy the
following characteristics® ™% (1) highly catalytic activity; (2)
facile and surfactant-free synthetic approach; (3) uniform size
and shape of nanostructures with high surface area; (4) high
physical stability and monodispersity.

Among all the peroxidase candidates, one of the most
extensively explored artificial enzymes is Platinum (Pt)
contained™ ™. If not for the skyrocketing price and scarcity of
Pt, these Pt-based peroxidase mimetics will have a broader use
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in practice. Therefore, how to reduce the amount of Pt in the
currently used Pt nano-catalysts has been a consideration for
the researchers™ . There is an effective and less costly
9, 10, 17 or Ang in
order to synthesize artificial enzyme mimetics that maintain
efficient enzyme mimetic activity while exhibiting unique
optical, electronic and thermal properties as well. The
bimetallic Pt-based nanomaterials, especially for the Au cores
decorated with Pt multi-branches, are competent to act as
peroxidase mimetics maybe because they encompass the
following merits™ *°: the higher performance of catalytic
ability deriving from Pt multi-branches; the better chemical
stability and durability stemming from Au cores; and the lower
costs owing to the partial replacement of Pt with Au.
Admittedly, various shapes of multi-branched Au@Pt NPs,
such as nano-urchins®® and nano-dendriteszo, have been
synthesized, but some of these methods need large amounts
of surfactants®, high temperaturelg‘ % and a narrow size
distribution can’t be guaranteed22 while others require
complicated multi-step synthesi521. For example, the tedious
post-treatment processes have to be conducted to remove the
surfactant from the surface of the nano-catalysts in order to
obtain desirable catalytic activity. Up to date, it is still
unavailable to synthesize a highly efficient Pt-contained
peroxidase mimetic by using a simple and surfactant-free
approach under mild conditions.

Typically, peroxidase mimetics are often employed to
catalyze the oxidation of substrates in the presence of H,0,,
followed by the change of chemical structures of substrates.
The widely accepted substrates include 3, 3’, 5, 5'-

method to substitute sectional Pt with Au
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tetramethylbenzidine (TMB)B, 2, 2’-azinobis 3-
ethylbenzothiazoline-6-sulfonic  acid (ABTS)24 and o-
phenylenediamine (OPD)*™, of which TMB enjoys a more
popularity because it is less toxic and more sensitive than
alternative substrates™. A universal strategy to detect H,O0,
and the related substances can be established with the
assistance of peroxidase mimetics considering the quantitative
relationships between H,0, and the oxidized substrates. To
illustrate, combined glucose oxidase (GOx) with peroxidase
mimetics, a rapid, convenient and reliable glucose sensor can
be realized with the aid of intermediate H,0, 826,27 Normally,
researchers regard UV-vis spectroscopy23 as a common
method to measure the absorption at 652 nm of the oxidized
substrates. The absorption band at 652 nm may be assigned to
charge transfer complex (CTC), which could be analyzed by RRS
with 632.8 nm excitation®. Thus, surface-enhanced Raman
scattering (SERS) resonance-enhanced Raman scattering (RRS),
which is able to guarantee a more satisfying sensitivity, could
be exploited as a new method of detection and quantification
of the universal pIatforsz. Utilizing the H,0,-TMB system,
efforts in our group have been made to detect H20229 and
melamine® by taking advantage of RRS and surface-enhanced
resonance Raman scattering (SERRS), respectively. Similar
works have been done by other researchers. For example,
Faulds et al. ** firstly investigated the peroxidase-like activity of
silver NPs and successfully realized the detection of H,0, in a
novel way. Cong and Jung et al.* fabricated a dual-biomimetic
functional array containing both superhydrophobic and
peroxidase-like activities. High sensitive detection of H,0, was
achieved by combining the bi-functional array and SERS.
Nevertheless, reproducibility in RRS, SERS and SERRS
quantitative analysis should arouse our concern in view of the
signal fluctuations brought by the outer environment and
instrumental factors. Thus, introduction of internal standards
has become a focus among researchers to correct the signal
fluctuation®>®. Compared with the internal standards
appearing in the outside of the NPs, studies have shown that
the signal fluctuations can be corrected remarkably by the
internal standards embedded inside the shell, because the
signals of the internal standards will not be influenced by the
detection environment®’. Therefore, quantifications related to
Raman spectroscopy are encouraged to use nanomaterials
with internal standards embedded inside the shell.

In this work, we report a simple and convenient strategy
for high yield synthesis of well-dispersed and size-controlled
core-shell Fructus Broussonetiae-like Au@Ag@Pt
nanoparticles (FBNPs). The novel NPs encompass highly
efficient peroxidase activity because the formation of Frucus
Broussonetiae-shaped Pt shell, the absence of surfactants and
the positively charged property. Combined the high sensitivity
of RRS and the highly efficient intrinsic peroxidase-like activity
of FBNPs, H,0, was detected with a wide detection window
from 10 pM to 100 pM. Based on the universal H,0,-TMB
catalytic system, glucose was successfully detected with the
limit of detection of 1 nM and the concentration range from 1
nM to 200 uM. More importantly, cresyl violet (CV), locating
between Au core and Pt shell and thus freeing from the

2| J. Name., 2012, 00, 1-3

disturbance of the outer environment, was also adopted as the
internal standards to correct the signal fluctuations.

2 Experimental sections

2.1 Materials

Hydrogen tetrachloroaurate (Ill) trihydrate (HAuCl,4H,0),
dihydrogen hexachloroplatinate (Iv) hexahydrate
(H,PtClg 6H,0), cresyl violet (CV) and sodium citrate were
purchased from Sigma. Ascorbic acid (AA), silver nitrate, H,0,
(30 wt%), glucose, lactose and maltose were purchased from
Sinopharm Chemical Reagent Co., Ltd. All the above chemicals
were analytical reagent grade and used without further
purification. Chitosan (CS) was purchased from Aladdin
(deacetylated: 95%, viscosity: 100-200 mPa s). 3, 3’, 5, 5'-
tetramethylbenzidine (TMB) (BR) was purchased from
Shanghai kayou Biological Technology Co., Ltd. Human serum
samples were provided by the hospital of Wuhan University
(Wuhan, China). Ultrapure water with an electrical resistance
larger than 18.2 MQ <m was used throughout the experiment.

2.2 Synthesis of FBNPs

Au NPs with a diameter of about 30 nm were prepared by
reduction of HAuCIl, with sodium citrate according to our
previous research®®. The Au NPs were used as seeds. Then,
Au@Ag core-shell NPs were also prepared according to our
previously reported method*®.

Au@Ag@CS core-shell NPs were prepared based on
Au@Ag NPs. 12 pL of the CV solution (1mM), acting as the
internal standard molecules of Raman signals, was added to 3
mL of Au@Ag core-shell NPs under stirring, followed by adding
1 mL of CS solution (0.1 mg/mL) immediately. Afterwards, the
solution was mixed by ultrasonic for 15 min.

FBNPs were formed as follows: First, 4 mL of Au@Ag@CS
NPs were mixed with 600 pL of AA (0.1 M). Then, H,PtClg (1
mM) was dropwise added into the mixture under stirring. The
mixture was kept stirring for 15 min. The stripping of Ag shell
and growth of Pt multi-branches shell was evidenced by the
color change from orange to purple and finally brown. Before
characterization and further applications, the FBNPs were
centrifuged at 3000 rpm for 15 min and the supernatant was
discarded. The precipitate was dispersed in ultrapure water.

2.3 Optimization of experimental conditions

(1) The amounts of H,PtClg: three kinds of FBNPs were
prepared with 1200 i, 1800 L and 2400 L of H,PtClg (1 mM),
respectively. 150 puL of TMB (5 mM), 20 uL of H,0, (5 mM),
630uL of acetate buffer (pH 4.0) and 200uL of FBNPs were
added into a 2 mL tube. The solution was incubated at 45°C
water bath for 5 min and terminated in an ice-water bath for
10 min; (2) The amounts of FBNPs: after confirming the
suitable amounts of H,PtClg was 1800}L, the following steps
were similar with (1) only by changing the volume of FBNPs
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from 25 L to 3501L while using acetate buffer to keep the
whole volume of the system constant; (3) pH: under the
optimum condition of (1) and (2), the pH of acetate buffer was
changed from 2 to 9; (4) Temperature: the temperature of
incubation was tuned from 25°C to 60°C while keeping other
parameters at the optimum value.

2.4 H,0, detection using peroxidase mimetics (FBNPs)

150 pL of TMB (5 mM) and 20 pL of H,0, were mixed in the
reaction volume of 630 plL of acetate buffer (pH 4.0). Then,
200 uL of FBNPs were added subsequently. The mixed solution
was incubated at 45°C water bath for 5 min, followed by
keeping in an ice-water bath for 10 min terminating the
reaction. The resulted reaction solution was subjected to
Raman measurements.

2.5 Glucose detection using GOx and peroxidase mimetics (FBNPs)

(1) 20 pL of 5.0 mg/mL GOx and 200 pL of glucose with
different concentrations in 10 mM phosphate buffered saline
(PBS) (pH 7.4) were incubated at 37°C water bath for 15 min;
(2) the above 20 pL of glucose solution, 150 uL of 5 mM TMB,
200 pL of FBNPs were added to 630 puL of 0.2 M acetate buffer
(pH 4.0); (3) the mixed solution was incubated in a 45°C water
bath for 5 min; (4) the resulted solution was immersed into an
ice-water bath for 10 min terminating the reaction and used
for Raman measurements afterwards.

In control experiments, three similar and separate assays took
place using 100 uM maltose, lactose and fructose instead of
glucose.

2.6. Kinetic analysis

The reaction kinetics for the catalytic oxidation of TMB was
conducted by recording the absorption spectra at 652 nm
within a 1 min interval using UV-vis spectrophotometer
(Shimadzu, UV-2550). The reaction was conducted at 45°C
with 200 plL of the as-prepared NPs in 630 pL of 0.2 M acetate
buffer (pH 4) in the presence of different concentrations of
TMB or H,0,. The apparent kinetic parameters were calculated
according to Michaelis-Menten equation:

_ Vmax X [S]

" Ky + [S]

Where v is the initial velocity, V. is the maximal reaction
velocity, K..x is the Michaelis constant and [S] is the
concentration of substrate.

2.7 Characterization

A UV-vis spectrophotometer (Shimadzu, UV-2550) was used to
record the absorption spectra of different reaction solutions.
Raman measurements were performed with a confocal
microscope (Jobin-Yvon HR-800). He-Ne Laser at 632.8 nm was
used for excitation. Spectra were collected with 50 long
working distance lens. The signal was integrated for 10 s twice
accumulations. Zeta potentials were measured on a Nano-ZSP
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zetasier (Malvern Instruments). Scanning Electron Microscope
images were obtained with a Scanning Electron Microscope
(SEM) (SIGMA) microscope. Transmission Electron Microscopy
(TEM), High Resolution Transmission Electron Microscopy (HR-
TEM), Selected Area Electron Diffraction (SAED) and Energy
Dispersive X-Ray Spectroscopy (EDX) measurements for FBNPs
were performed on a JEOL JEM-2100 microscope.

3 Results and discussion

3.1 Synthesis and detection rationale

Scheme 1A depicts the synthetic route of core-shell FBNPs.
The first step is the formation of Ag shell around the Au core.
Adding CV, immediately followed by adding CS, produces
Au@Ag@CS NPs. Au core provides higher chemical stability
and durability to the whole material®™. Furthermore, Au core
causes fluorescence quenching and Raman enhancement of CV.
But, the existence of metal shell would undermine the signals
of the internal standards to some extent’” 41, so rational
control the thickness of Pt shell is of paramount importance.
CS, a natural, biocompatible and nontoxic polysaccharide, is
employed to prevent CV from detaching during the reaction.
Without CS, the Raman signal of CV in the position of 591 cm™
in the prepared FBNPs wouldn’t be detected. On the contrary,
obvious Raman signal of CV could be discovered in the FBNPs
formed with the assistance of CS (Fig. S1). Meanwhile, the high
zeta potential (+46.8 mV) imparted by CS proves the high
stability of the NPs, because NPs with a zeta potential above
(+30 mV) are generally considered to be stable in suspension“.
Without CS, the FBNPs showed a strong tendency to
agglomerate (Fig. S2). In addition, the positively charged
property (+46.8 mV) due to the existence of -NH3" groups in
CS under acidic conditions further enhances the peroxidase-
like activitys’ 434 pecause the positively charged property of
NPs would influence the absorption of H,0, and the particle-
mediated electron transfer processess. The conversion from
Au@Ag@CS to FBNPs is achieved via the concerted actions of
both the galvanic replacement of Ag by Pt through the
addition of H,PtClg and AA reduction. The growth of Pt via
galvanic replacement reaction is much faster than the reagent
reduction process45. Ag structures on the Au surfaces are first
dismantled by galvanic replacement of Ag by Pt and many

(A) . AgNO, \ e v
NaCt —cs
Au

Au@Ag-1 Au@Ag-2

Au@Aga Pt
(B) Glucose H,0, TMB

Glucose acid 0, H0

cre — L &

Scheme 1 Schematic for the synthesis of core-shell FBNPs (A) and the detection
of glucose (B).
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growth points for Pt form at the positions where Ag are
located before. A smooth Ag shell accelerates the reaction rate
and serves as a sacrificial template for the Pt coating. Without
the involvement of Ag shell, the galvanic replacement of Ag by
Pt wouldn’t take place in time and the color of the solution
didn’t show obvious change until 4 hours later. The loading of
Pt wasn’t complete, either. The subsequent epitaxial growth of
the Pt NPs attributes to the deposition of Pt atoms produced
by reagent reduction onto the existing Pt structures. AA is a
prerequisite for the formation of Pt multi-branches. Au@Pt
NPs with a smooth Pt shell has been reported without using
AA*. Our approach results in the growth of the ideal Pt multi-
branches shell surrounding the Au@Ag core and the shell
thickness can be tuned under our control by simply changing
the amount of H,PtClg.

The as-prepared NPs were characterized by a series of
tests. Fig. 1A shows the UV-vis spectra of the original Au NPs,
Au@Ag NPs and FBNPs. Au NPs exhibits an absorbance band at
525 nm. The observed new bands at 497 nm and 387 nm
indicate the formation of Ag shell. However, when adding
H,PtClg to the solution, the surface plasmon resonance (SPR)
peak of the FBNPs shows a wider band, which may due to the
following reasons Y. The absorption band of the core could be
influenced by the multi-branches of Pt shell, which has no
characteristic absorption in UV-vis spectroscopy and would
strongly damp out the dipolar plasmon oscillations of the Au
core %% In addition, the change in the dielectric that surrounds
the Au core may be a significant factor as well as the scattering
by the Pt shell. Plus, the depletion of Ag layer is responsible for
the change as well. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images in Fig. 1B & C
demonstrate the formation of the uniform and monodisperse
FBNPs with an average diameter of 50 nm. The strong contrast
revealed in the TEM image of a single particle clearly
delineates the inner Au core surrounded by Pt multi-branches
(the inset in Fig. 1D). In the high-resolution (HR)-TEM image
(Fig. 1D), the observed lattice fringes (d=0.227 nm)
corresponds to the (111) planes of Pt face-centered cubic (fcc)

Absorbance

Wavelength{nm)

Fig. 1 Characterization of core-shell FBNPs. (A) UV-vis absorption spectra of Au
NPs (a), Au@Ag NPs (b) and FBNPs (c). (B) SEM and (C) TEM images of FBNPs. (D)
HR-TEM image of the Pt shell taken from the dashed region in the inset.

4| J. Name., 2012, 00, 1-3

crystals 1% Selected-area electron diffraction (SAED) patterns
of the Pt shells (Fig. S3A) demonstrates the ring patterns with
intense spots assigned to (111), (200), (220), and (311) plane
of Pt fcc crystals 10 indicating the polycrystalline nature of Pt.
Composition analysis by Energy Dispersive X-Ray Spectroscopy
(EDX) spectroscopy (Fig. S3C) shows an Ag/Au molar ratio of
0.59: 1. Compared with the initial Ag/Au proportion (1.21: 1),
the amounts of Ag decrease dramatically after the formation
of FBNPs, which implies the galvanic replacement of Ag by Pt.
With the increase of H,PtCls, the amount of Ag tends to
decline gradually (Fig. S3) and Pt multi-branches come into
being by degrees (Fig. S4). A smooth Pt shell would be formed
without AA %, suggesting the irreplaceable reduction role of
AA. All the characterization data conform to our suggested
growth mechanism.

The universal H,0,-TMB catalytic system can be
employed to detect H,0, and the related substances. Glucose,
for instance, can be measured utilizing this common platform.
Concretely speaking, coupling the selective oxidation of
glucose by GOx with the peroxidase-like activity of the FBNPs,
the analysis of glucose can be carried out via detecting the RRS
signal of charge transfer complex (CTC), which is shown in
Scheme 1B. Unlike prior works, the present work took
advantage of the high sensitivity of the RRS to analyze glucose
instead of UV-vis spectroscopy. Furthermore, the potential
signal fluctuations of RRS were corrected by the signals of
internal standard molecules. This new type of biosensor does
not require complex modification or enzyme immobilization.
Our work provides a simple, sensitive and highly selective
approach for glucose detection in serum.

3.2 Verification of the peroxidase-like activity of FBNPs

To assess whether FBNPs would exhibit peroxidase mimetic
catalytic ability, we tested catalytic oxidation peroxidase
substrates TMB in the presence of H,0,. As shown in the inset
of Fig. 2A, TMB can be oxidized into a blue product in the
presence of H,0, and FBNPs. In contrast, the mixture of other
substances didn’t show characteristic color or only exhibit light
blue color. Furthermore, UV-vis spectroscopy was used to
characterize the different solutions. Fig. 2A shows that weak
absorptions at 370 nm and 652 nm are observed in the case of
other mixtures. A much stronger absorbance is observed in the
presence of the FBNPs in a TMB and H,0, solution,
demonstrating that the reaction of TMB with H,0, is hugely
accelerated by the FBNPs, which means that the as-prepared
FBNPs do encompass peroxidase-like activity. When using Au
NPs and Au@Ag NPs as the catalysts, we can infer from Fig. S5:
the peroxidase activity of Au NPs and Au@Ag NPs was
negligible, which is in line with the reported works®. Even
though the color of solution utilizing Au@Ag@CS NPs as
catalysts was slighter deeper than employing Au NPs, Au@Ag
NPs, which may owe to the positively charged property8 of
Au@Ag@CS NPs, its catalytic ability was still not comparable
to FBNPs (Fig. S5). This certifies the pivotal role of Pt shell in
enhancing the peroxidase activity of the whole nanoparticle.

This journal is © The Royal Society of Chemistry 20xx
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and H,0,. The inset in A shows the photograph of different reaction solutions.
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The potential mechanism for this system is the radical
chain reaction®®*?, in which the oxygen-oxygen bond of H,0, is
rapidly broken by the catalytic action of Pt shell to give
hydroxyl radicals. The resulting hydroxyl radicals were
stabilized at the surface of the Pt shell, so it was the produced
hydroxyl radicals that catalyzed TMB into CTC. The oxidation of
TMB by H,0, went through a two-step two-electron reaction®
(Fig. S6). The blue product belonging to charge transfer
complex (CTC) is attributed to the reversible complexation of
the diamine and final diimine. We further characterized the
peroxidase-like activity of the FBNPs through Raman
spectroscopy (Fig. 2B). Raman bands assigned to CTC are
summarized in Table S1. The analyses produced by Raman
measurement consisted with UV-vis spectroscopy results. All
of the results demonstrate that FBNPs possess peroxidase-like
catalytic ability.

3.3 Optimization of the experimental parameters

The catalytic ability of the FBNPs depends on the amounts of
H,PtClg, pH and temperature. With the increase of H,PtClg, also
comes the enhancement of the catalytic performance of the

This journal is © The Royal Society of Chemistry 20xx
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FBNPs. However, this is at the expense of reducing the Raman
signals of CV at 591 cm™, for the signals have to penetrate the
thicker Pt shell to be detected, which is in line with some
reported works*”*!. The signals of CV were strong enough to
act as internal standards but the peroxidase-like activity of
FBNPs was unsatisfying if we chose 1200 uL of H,PtClg. When
the amounts of H,PtCly were 2400 L, the catalytic
performance was amazing while the signals of CV were too
weak to correct the potential fluctuations. With the purpose of
obtaining a better catalytic performance and enabling the
Raman signal of CV at 591 cm™ to calibrate deviation, the
optimal amounts of H,PtClg were 1800 pL (Fig. 3A). In order to
reduce the reaction time, the influence of the amount of the
FBNPs was observed as well. The Raman signal of CTC at 1609
em™ gradually increased until the amounts of the FBNPs
reached 200 pL. Meanwhile, the Raman signal of CV at 591 cm’
! continued to increase slightly above 200 pL (Fig. 3B) for the
concentration of CV increased with the adding of FBNPs. The
signals of CV were fully capable of correcting the fluctuations
when the amounts of FBNPs reached 200 puL. Thus, the best
amounts of the FBNPs were 200 pL. We measured the
peroxidase-like activity of the FBNPs while varying pH from 2
to 9, the temperature from 25°C to 60°C. As shown in Fig. 3C &
D, the normalized Raman intensity, difference in band intensity
of CTC at 1609 cm™ between experimental sample and the
control sample (0 uM of H,0,) divides the band intensity of the
internal standard at 591 cm'l, reached the maximum value at
pH 4 and 45°C, respectively. Therefore, the optimal
temperature and pH were approximately 45°C and pH 4, which
were similar to the values for horseradish peroxidase (HRP)l.
Compared with some previous works®" 32, the optimal
temperature for FBNPs was 45°C rather than room
temperature. In our experiment, heating resulted in the
stronger background signals as well. But, in a given time, the
increase in Raman signals caused by the higher peroxidase-like
activity of FBNPs was stronger than the increase derived from
background signals (Fig. S7). Also, relatively long Raman
accumulation times (10 s twice accumulations) were suitable

16000
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Fig. 3 Optimization of experimental conditions: (A) The amounts of H,PtClg, (B)
The amounts of FBNPs, (C) The pH of the reaction buffer, (D) The incubation
temperature.
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in our work to achieve more sensitive results.

3.4 Influence of H,0, and TMB concentrations on reaction rate

To investigate the catalytic mechanism of the FBNPs, the
apparent steady-state kinetic parameters were determined by
changing the concentrations of TMB and H,O,, respectively. As
shown in Fig. 4A & B, they share a common tendency that the
reaction rate gradually increases until they reach the
From Lineweaver-Burk plots of the double
reciprocal of the Michaelis-Menten equation, we obtained the
Michaelis-Menten constant (K,,) and maximum initial velocity
(Vmax)- Relevant figures are displayed in Fig. 4C & D, and the
in Table S2. For enzymes, K,
demonstrates the affinity for the substrate. The smaller the
value of K, is, the more efficient the catalyst is, and the

maximum.

results are summarized

stronger the affinity between the enzyme and the substrate is’.

The apparent of K, value for the FBNPs with H,0, as the
substrates were lower than HRPl, indicating that the FBNPs
have a higher affinity for H,0, than HRP™.

3.5 Application of FBNPs in the detection of H,0,

Because the catalytic activity of the FBNPs is H,0,
concentration dependent, H,O, can be detected in this way.
Under the optimal conditions, the above-discussed method
was used for H,0, detection. As shown in Figure S8 (A), the
normalized Raman intensity varies with a change of the
concentration of H,0,, which presents a nearly exponential
increasing curve in the tested concentration range. Fig. S8 (B)
shows the linear relationship between the natural logarithm
over the concentration of H,0, ranging from 10 pM to 100 uM
and the normalized Raman intensity. Compared with detecting
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Fig. 4 Steady-state kinetic assay of FBNPs. The velocity (v) of the reaction was
measured using 200 pL of FBNPs in 630 pL of 0.2 M acetate buffer (pH 4.0) and
45°C. The error bars represent the standard error derived from three separately
prepared samples. (A) The concentration of TMB was 0.75 mM and H,0,
concentration was varied. (B) The concentration of H,0, was 40 mM and TMB
concentration was varied. (C, D) Double reciprocal plots of activity of FBNPs with
the concentration of one substrate (TMB or H,0,) fixed and the other varied.
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. . 8, 50 . .. 27,51
H,0, via UV-vis spectroscopy and chemiluminiscence ,

the limit of detection is lower in our work thanks to the high
sensitivity of RRS. Also, the obtained limit of detection for H,0,
is lower than our former work using RRS*® as well because of
the higher peroxidase activity of FBNPs. Besides, in comparison
with our work referring to detection of melamine based on
SERS and peroxidase mimetics3o, introduction of Pt NPs further
enhances peroxidase-like activity; embedding the internal
standard molecules (CV) corrects the potential fluctuations
and guarantees signal reproducibility. In addition, the
detection is faster, lower use of sample volume and simpler
than those reported utilizing electrochemical method>>.

3.6 Application of FBNPs in the detection of glucose with high
sensitivity and selectivity

Combining the catalytic reaction of TMB in the presence of
GOx, the glucose detection could be readily carried out. Here,
the background signal was removed from all spectra. Namely,
the peak height at 1609 cm™ for the control sample (0 uM of
glucose) was subtracted from the peak height at 1609 cm™ for
each concentration of glucose. Fig. 5A displays that the
normalized Raman intensity (after removing background signal,
the peak intensity at 1609 cm™ divided the band intensity of
the internal standard at 591 cm’l) exhibits a nearly exponential
increasing curve as well. Fig. 5B shows the linear relationship
between the natural logarithm over the concentration of
glucose ranging from 1 nM to 200 uM. The general range of
blood glucose concentration in healthy and diabetic persons is
about 4.4-6.6 mM and 9-40 mM, respectively 33,34 Therefore,
the proposed method is capable of quantitative detection of
glucose in real samples with only requiring simple dilution. In
addition, the limit of detection demonstrated taking advantage
of Raman spectroscopy is lower than those reported using UV-
vis  spectroscopy  measurements® *® % 3 and
chemiluminiscence®” >, Furthermore, in comparison with

. . 20
y=3.99228x+0.07346

Ri=0.984

| .

o so000 100000 10000 200000 H H H 3 H 5 H
Ceanaod M)

Fig. 5 (A) Glucose concentration dependant of normalized Raman intensity. The
inset shows the color change for different concentrations of targets. (B) The
calibration curve of normalized Raman intensity against natural logarithm over
concentration of glucose. (C) Raman spectra of the solutions with different
concentrations of targets. (D) The selectivity of the proposed method towards
glucose detection. The error bars illustrate the standard deviations of three
separately prepared samples.

This journal is © The Royal Society of Chemistry 20xx
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electrochemical method, this type of sensor is rapid,
convenient and reliable. Admittedly, glucose sensing has been
realized with the help of GOx to modify electrodes, but the
immobilization of enzymes on solid interfaces is commonly
considered in order to improve the long-term and operational
stability of enzymes and this is often at the expense of
significant loss in the catalytic activity of the enzymessz. With
the purpose of addressing the limitations of enzyme, scientists
have devoted to nonenzymetic sensors. Although the problem
of insufficient long-term stability has been solved, the
adsorption of oxidation intermediates of glucose or active
species in the solution may significantly block the electrode
activity for direct electro-oxidation of glucosess. Besides,
nonenzymatic sensors offer analytical selectivity inferior to the
enzymatic sensors>’.

Considering that the existence of some potential
interfering substances, such as fructose, lactose, and maltose,
might affect the detection of glucose in analysis, the selectivity
of this method was investigated. As shown in Fig. 5D, even
when the concentrations of the control samples are 10 times
larger than that of glucose, no obvious response is observed,
indicating that the proposed method can be used to detect
glucose selectively.

The general range of blood glucose concentration in
healthy and diabetic persons is about 3-8 mM?® and 9-40 mM,
respectively53’ >4, Therefore, the proposed method is capable
of quantitative detection of glucose in real samples with only
requiring simple dilution. For glucose detection in serum, the
samples were first diluted 100-fold by PBS, the concentration
of glucose in the normal serum sample is about 4.90 mM
When the glucose
concentration is deviant, we can detect it easily employing this
system, which implies that this method is able to determine
glucose in real samples.

according to the calibration curve.

3.7 Application in real samples

To further confirm the reliability of the proposed method in
practical applications, the detection of glucose in human
serum samples was also conducted. The blood samples were
firstly diluted 100-fold by PBS before determination. Certain
amounts of glucose were spiked in the samples. The final
results are summarized in Table S3. The recoveries of the real
samples are in the range of 94.8-102.3% with the relative
standard deviation of 1.84-4.52%. The desirable results clearly
demonstrated the feasibility of the proposed method for
determination of glucose in real samples.

Conclusions

In summary, FBNPs can be prepared conveniently via the
concerted actions of both galvanic replacement and reagent
reaction. The FBNPs possess highly intrinsic peroxidase-like
activity owing to the formation of Frucus Broussonetiae-
shaped Pt shell, the absence of surfactants and the positively

charged CS molecules intertwined within the outermost Pt NPs.

The preformed Au@Ag NPs act as template and guarantee the

This journal is © The Royal Society of Chemistry 20xx
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uniformity of the final products. Afterwards, the epitaxial
growth of Pt multi-branches can be realized at room
temperature without the participation of any surfactant. The
internal standard molecules, cresyl violet (CV), play the role of
correcting the potential fluctuations. CS is used to prevent the
CV from detaching, protect the nanostructures, and further
enhance the peroxidase-like activity of the FBNPs. Taking
advantage of the high sensitivity of resonance-enhanced
Raman spectroscopy (RRS) and the high catalytic ability of the
FBNPs, H,0, and glucose can be detected with broader ranges
from 10 pM to 100 uM, and from 1 nM to 200 pM, respectively.
We think this work is suitable for biochemistry and clinical
diagnosis
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Core-shell Fructus Broussonetiae-like Au@Ag@Pt
nanoparticles as highly efficient peroxidase mimetics for

supersensitive resonance-enhanced Raman sensing

Junrong Li, Liang Lv, Guannan Zhang, Xiaodong Zhou, Aiguo Shen* and Jiming Hu*

We herein present a simple and surfactant-free synthetic strategy to prepare core-shell Fructus
Broussonetiae-like Au@Ag@Pt nanoparticles (FBNPs) via concerted actions of both galvanic
replacement and reagent reduction, in which the chitosan (CS)-mediated epitaxial growth of Pt
multi-branches occurs on the cresyl violet (CV) labeled Au core Ag shell nanoparticles (NPs) at
room temperature. The as-prepared novel nanostructures possess intriguing enzyme mimetic
activity due to the formation of Frucus Broussonetiae-shaped Pt shell, the absence of surfactants
and the positively charged CS molecules intertwined within the outermost Pt NPs. Relying on the
high sensitivity of resonance-enhanced Raman scattering (RRS) and the highly efficient intrinsic
peroxidase-like activity of FBNPs, H,0, was detected with a wider detection window from 10 pM
to 100 uM when utilizing 3, 3’, 5, 5’-tetramethylbenzidine (TMB) as substrates. It is exactly based
on a H,0,-TMB catalytic oxidation system that a simple, sensitive, selective and universal
platform has been reasonably extended for detection of all peroxidase-related analytes. Glucose
with a concentration range (1 nM-200 uM), for example, has been detected in the presence of
glucose oxidase (GOx) with a limit of detection of 1 nM.




