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In this paper, an ultrasensitive colorimetric biosensor for human chorionic gonadotrophin (hCG) detection was
designed from bottom-up method based on the dual catalysis of the horseradish peroxidase (HRP) and Au@Pt
nanoparticles (NPs) relative to H2O2-TEM system. HRP and monoclonal mouse anti-hCG antibody (β-submit,
mAb1) were co-immobilized onto the Au@Pt NP surface to improve catalytic efficiency and specificity, which
formed a dual functionalized Au@Pt-HRP probe with the mean size of 42.8 nm (D50). The colorimetric immuno-
assaywas developed for the hCG detection, and theAu@Pt-HRPprobe featured a higher sensitivity in the concen-
tration range of 0.4–12.8 IU L−1 with a low limit of detection (LOD) of 0.1 IU L−1 compared with the LODs of
0.8 IU L−1 for BA-ELISA and of 2.0 IU L−1 for Au@Pt, which indicated that the Au@Pt-HRP probe possessed higher
catalytic efficiency with 2.8-fold increase over Au@Pt and 33.8-fold increase over HRP. Also, the Au@Pt-HRP
probe exhibited good precision and reproducibility, high specificity and acceptable accuracy with CV being less
than 15%. The dual functionalized Au@Pt-HRP probe as a type of signal amplified method was firstly applied in
the colorimetric immunoassay for the hCG detection.

© 2017 Published by Elsevier B.V.
Keywords:
Colorimetric detection
Signal amplification
Dual catalysis
Au@Pt nanoparticles
Horseradish peroxidase
1. Introduction

Accurate detection of biomarkers is important in the early diagnosis
[1]. In the last several decades, an abundance of assay methods have
been reported for the detection of proteins, including radioimmunoas-
say [2], enzyme-linked immunosorbent assay (ELISA) [3], fluorescence
immunoassay [4–5], chemiluminescence immunoassay [6], and electro-
chemical immunoassay [7]. ELISA, possessing the low limit of detection
(LOD) ranged from 0.1 to 1000 ngmL−1, is a generalmethod as the gold
standard among these methods [8–11]. Nonetheless, the biomarker
content in the sample from patient at an early stage of diseases is some-
times lower than the LOD of ELISA. Up to date, various signal amplifica-
tion approaches have been developed to enhance the sensitivity and to
increase the LOD of ELISA. Signal amplification based on nanomaterials,
such as platinum nanopartilces [7], gold nanoparticles [12], magnetic
beads [13], PAMAM [14], carbon nanotubes [15] and mesoporous silica
scut.edu.cn (L. Zhang).
[16], has recently attracted considerable attention. The nanomaterials
can not only provide amplified recognition events by high loading of
signal tags, but also produce catalytic activity [17]. Among various
nanomaterials, platinum nanoparticles and its derivatives are frequent-
ly applied the bioassays due to their advantage such as high catalytic ac-
tivity, high stability, and good biological compatibility [18–19]. For
example, Gao et al. reports a new colorimetric immunoassay based on
platinum nanoparticles as a substitution of horseradish peroxidase
(HRP) with the LOD of 2.5 ng mL−1 toward rabbit immunoglobulin G
(IgG) [20], which is higher than 1.0 ng mL−1 for HRP. Nowadays,
some reports have presented that platinum-based bimetallic
nanocatalysts, such as Au@Pt nanoparticles, are more active for a series
of catalytic reactions comparedwith single platinumparticles due to the
change in the electronic structure and surface atomic arrangement [21].
Au@Pt nanoparticles even behaves a higher catalytic activity than HRP
in oxidation reaction of 3, 3′,5,5′-tetramethylbenzidine (TMB) by
H2O2. Therefore, Au@Pt nanoparticle is a good platform for the signal
amplification in ELISA.

Although Au@Pt nanoparticle features high catalytic activity as
nanocatalysts, the high loading activity which can load a large number
of signaling molecules or molecules that can generate signals indirectly
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(HRP for example) was always neglected. Therefore, design concept of
dual catalysis based on Au@Pt NPs and HRP for ultrasensitive detection
of human chorionic gonadotrophin (hCG) is interesting andmeaningful
in the signal amplification of ELISA.

2. Experimental

2.1. Material and Reagent

Monoclonal mouse anti-hCG antibody α-submit (mAb2) and β-sub-
unit (mAb1, Artron BioResearch Inc., Burnaby, British), hCG standards
(Beijing Jiashiyuhe research institute of chemical technology Co., Ltd.,
Beijing, China), sodium citrate tribasic dihydrate (Shanghai Titanchem.
Co., Ltd., Shanghai, China), L-ascorbic acid (Aladdin industrial corpora-
tion, Shanghai, China), chloroauric acid tetrahydrate (HAuCl4·4H2O,
48–50% Au basis) and potassium tetrachloroplatinate (Shanghai
Macklin Biochemical Co., Ltd.), Horseradish peroxidase (HRP, Sigma-Al-
drich, St. Louis, MO), 3,3′,5,5′-tetramethylbenzidine (TMB, Aladdin in-
dustrial corporation, Shanghai, China), and polystyrene microplates
(Costar, Corning Inc., New York, USA, 3590) were used without pre-
treatment. The other reagents used in this work were analytical grade.

Coating buffer: 50 mM sodium carbonate/bicarbonate, pH 9.6;
Blocking buffer: 10mMPBS including 1wt% BSA, pH 7.4;Washing buff-
er: 10 mM PBS including 0.5 wt% Tween 20, pH 7.4.

2.2. Preparation of Gold@Platinum Nanoparticles (Au@Pt NPs)

Au@Pt NPs were prepared according to the report previously with a
minormodification [22]. In briefly, 1mL aqueous sodium citrate tribasic
(1 wt%) was added to the boiling double distilled solution (99 mL) in-
cluding HAuCl4 (1 mL, 1 wt%). The solution was kept boiling for
30 min to provide the gold nanoparticles (Au NPs). The volume of
Au NP suspensionwas finally adjusted to 100mL. The Au NP concentra-
tion of the suspension was accordingly calculated to approximately be
2.4 × 10−10 mol L−1. Then, 33 mL aqueous K2PtCl4 solution (1.0 mM)
was added to the as-prepared suspension at 80 °C and stirred. After-
wards, 16 mL aqueous L-ascorbic acid solution (10 mM) was added to
themixture to reduce K2PtCl4 for another 30 min with the color change
from red to dark. The concentration of Au@Pt NP suspension was ac-
cordingly calculated approximately to be 1.6 × 10−10 mol L−1.
Scheme 1. The colorimetric immunoas
(The detailed calculation process was listed in the Supplementary
Information.).

2.3. Preparation of Au@Pt NP Probe (Au@Pt-HRP Probe)

As-synthesized Au@Pt NP suspension (1.5 mL) was adjusted to
pH 8.5–9.0 with K2CO3 solution (0.2 M). Then, 7.2 μL mAb1
(0.5 mg mL−1) and HRP (4.8 μL, 5 mg mL−1) were injected to the
above Au@Pt NP suspension, and vibrated for 2 h at room temperature.
Afterwards, 260 μL BSA (10 wt%) was added into the mixture to keep
the BSA content to be 1.7 wt%, and incubated for another 16 h at 4 °C.
The Au@Pt-HRP probe was collected and rinsed with Tris-HCl buffer
(50 mM) containing 1.0 wt% BSA (pH 8.8) (1 mL per time) for three
times in consecutive washing/centrifugation cycles, and dispersed into
0.5 mL Tris-HCl buffer (50 mM) containing 1.0 wt% BSA (pH 7.6). The
Au@Pt-HRP probe was finally stored at 4 °C for the following
immunoassay.

2.4. Detection of Target hCG

The protocol for the detection of hCG was listed in Scheme 1. The
solid-phase antibody was prepared by injecting mAb2 in the coating
buffer (100 μL, 1.5 μg mL−1) into a high-binding 96-well microplate
and incubating for 12 h at 4 °C. The microplate was then rinsed with
washing buffer (200 μL per well) and blocked with blocking buffer
(200 μL per well). The microplate was then rinsed with washing buffer
(200 μL per well) to provide the solid-phase antibody for the following
detection.

The Au@Pt-HRP probe was then applied for the detection of hCG as
following: Firstly, 100 μL hCG standard sample was injected to the
solid-phase antibody and maintained at 37 °C for 60 min. Secondly,
after washing with washing buffer for three times (200 μL per well
per time), Au@Pt-HRP probe (100 μL) was added into each well, and
reacted at 37 °C for another 60 min. Thirdly, after washing for three
times (200 μL per well per time), TMB substrate (100 μL) was added
into each well, and incubated for 30 min at 37 °C. Finally, the catalytic
reaction was stopped by using H2SO4 (50 μL, 2 M). The absorbance
was recorded at 450 nm using a microplate reader (SpectraMax190,
Molecular Devices LLC., Sunnyvale, California.). All the results were re-
peated for three times.
say protocol of Au@Pt-HRP probe.



Fig. 1. TEM images of (a) Au NPs and (b) Au@Pt NPs; (c) HRTEM image of Au@Pt NPs; (d)
The SAED patterns of Au@Pt NPs.
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3. Result and Discussion

3.1. Characterization of Au@Pt Nanoparticles and Au@Pt-HRP Probe

3.1.1. Characterization of Au@Pt Nanoparticles
The Au and Au@Pt NPs were characterized with TEM (Fig. 1a–b),

HRTEM (Higher Resolution Transmission Electron Microscopy, Fig. 1c),
SAED (Selected-Area Electron Diffraction Fig. 1d), UV–vis (Fig. 2a), DLS
(Dynamic Light Scattering, Fig. 2b), EDX (Energy-Dispersive X-ray Spec-
troscopy, Fig. 2c). The TEM pattern demonstrated the Au NPmorpholo-
gy to be smooth globe (Fig. 1a). However, the Au@Pt NPs were nearly
spherical equipped with gray dendritic shell as shown in Fig. 1b. The
Fig. 2. (a) The UV–vis absorption spectra of Au and Au@Pt NPs; (b) The particle size distribution
The FT-IR spectra.
structures of Au@Pt NPs were strikingly uniform in morphology in the
TEM pattern, that is, neither isolated Pt nor Au nanostructures was ob-
served to coexist with Au@Pt NPs. The observed lattice fringes of the
Pt shell in the HRTEM (Fig. 1c) which were randomly oriented on the
surface of Au@Pt NPsmatchedwellwith the (111) planes of Pt face-cen-
tered cubic (fcc) crystals. The Au@Pt-HRP probe was also characterized
by TEM (Fig. S4), and the morphology of the Au@Pt NPs was not
changed after the conjugation of mAb1 and HRP. At the same time, the
TEM observation showed that the Au@Pt-HRP probe was distributed
well and had no aggregation when coating mAb1 and HRP. The SAED
pattern indicated that the of intense spots of Pt shells in ring pattern
matched well with (111), (200), (220), and (311) plane of Pt fcc crys-
tals. The result showed the polycrystalline nature of Pt.

The decorating of thedendritic Pt shell on the Au corewas character-
ized usingUV–vis spectroscopy as shown in Fig. 2a. The surface plasmon
resonance of Au NPs appeared at 526 nm, which significantly reduced
after the decorating of Pt as found previously [23]. The nanoparticle
size of Au@Pt NPs was distributed in the range of 16.8–51.3 nm (D10–
D90) with the mean size of 42.8 nm (D50) detected by DLS instrument
(ZetaPALS, Brookhaven Instruments, Long Island, NY, USA), which was
10.5 nm bigger than that of Au NPs (D50: 32.3 nm) as shown in Fig.
2b. Meanwhile, the mean size of the Au@Pt-HRP probe was also ob-
served to be 71.8 nm. The increase in size was due to the adsorption
of proteins (HRP and mAb1) on the surface of the Au@Pt NPs [24]. If
we treated the nanoparticles as the spheres, for each Au@Pt NP, the
mass ratio of Au and Pt was calculated to be 1:1.47 according to the
Eqs. (1–3). The resulting ratio approximately agreed with the reactant
ratio of HAuCl4·4H2O and K2PtCl4, which suggested that the nearly
total reactant of K2PtCl4 was coated on the surface of Au nanoparticles.

MPt ¼ N � 4
3
πR3

AP−
4
3
πR3

A

� �
� ρPt ð1Þ

MAu ¼ N � 4
3
πR3

AρAu ð2Þ
of AuNPs, Au@Pt NPs and Au@Pt-HRP probe; (c) The EDX spectrum of the Au@Pt NPs; (d)
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And the Eq. (3) could be deduced according to Eqs. (1) and (2)

MPt

MAu
¼ RAP

RA

� �3

−1

" #
� ρPt

ρAu
ð3Þ

MPt andMAu were the masses of Pt and Au in Au@Pt NPs, RAP and RA
were the radii of Au@Pt and Au NPs, NPs, ρPt and ρAu are the densities of
platinum and gold, respectively.

Furthermore, the formation of Au@Pt NPs was characterized by EDX
spectroscopy (Fig. 2c). The main peaks of Au and Pt were observed
(other peaks originated from copper substrate) in the EDX spectrum, in-
dicating that the hybrid nanostructure was made up of metallic Au (0)
and Pt (0).

3.1.2. Characterization of Au@Pt-HRP Probe
In order to demonstrate that the antibodymolecules and HRP can be

conjugated to the as-synthesized Au@Pt NPs, the FT-IR spectra of the
Au@PtNPs and Au@Pt-HRPwere investigated (Fig. 2d), and two charac-
teristic peaks for the peptide group at ~1650 cm−1 appearing principal-
ly from the C_O stretching vibration and ~1540 cm−1 appearing
primarily from N\\H bending with a the influence of C\\N stretching
Fig. 3. (a) UV–vis absorption spectrum of the oxidized TMB product; (b) Effects of reaction time
of BSA content; (e) The effect of the final volume of the redispersion (f) The effect of pH.
vibration form antibodies and HRP were found in Au@Pt-HRP probe
[25]. This result indicated that antibody or HRP could be conjugated
onto Au@Pt NPs.

3.1.3. Content Optimization of Au@Pt Probe Synthesis
The amount of binding sites on the Au@Pt NPs is stationary that can

lead the competitive adsorption between mAb1 and HRP on the Au@Pt
NPs. Therefore, the response surface methodology (RSM, Fig. 3c) was
used to optimize the contents of mAb1 and HRP based on the catalytic
efficiency. With the mAb1 concentration increasement at HRP content
of 0.1 μg, the OD450 increased to reach the maximum and then de-
creased. The reason was that the content of mAb1 absorbed on the
Au@Pt NPs increased with the concentration growth of mAb1, which
caused the more interaction between the Au@Pt-HRP probe and anti-
gen. Thus, the OD450 increased. After reaching the maximum, the com-
petitive adsorption on the Au@Pt NPs between mAb1 and HRP
occurred with the mAb1 concentration increased because of the limited
binding sites. The mAb1 maybe possessed advantages in the competi-
tion due to the higher concentration compared to HRP (0.1 μg). Thus,
the HRPmolecules bound to the Au@Pt NPs decreased and consequent-
ly led to the decrease of OD450. However, as HRP maintained at high
concentration (20.5, 40 μg) the decrease of OD450 was not obvious
catalyzed by Au@Pt-HRP probe toward H2O2-TMB system; (c) RSMpattern; (d) The effect
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with the increasement of mAb1 after reaching the maximum. The rea-
son was that mAb1 possessed no advantages in the competition due to
the lower concentration (0.05–6 μg) compared to HRP (20.5, 40 μg).
After calculation, the optimal contents of mAb1 and HRP used for the
preparation of Au@Pt-HRP probe are 3.6 and 24 μg, respectively
(1.5 mL Au@Pt NP suspension).

3.2. Condition Optimization of Immunoassay

3.2.1. Evaluation of Detection Conditions
The UV–vis spectrum (Fig. 3a) of the oxidative product of TMB cata-

lyzed by Au@Pt-HRP probe was investigated. The maximum absorption
peak of the production addressed at 652 nm which was coincidence
with that of the oxidative product of TMB catalyze by Au@Pt NPs or
HRP. The effect of Au@Pt-HRP probe on the efficiency to catalyze the ox-
idation of TMB was also investigated along the reaction time. As shown
in Fig. 3b, the absorbance increased with prolonging incubation time.
The reaction reached to the steady-state signal after 30 min. Therefore,
30 min was set as optimum time in the immunoassay.

3.2.2. The Influence of BSA Blocking on Au@Pt-HRP Probe
The blocking is necessary in the detection of hCG when HRP and

mAb1 were absorbed on Au@Pt NPs. We investigated the effect of the
content of BSA as blocking agent on the efficiency of Au@Pt-HRP
probe. The BSA concentrations ranged from 0.9 to 3.3 wt% were tested,
and the highest S/N ratio appeared at the concentration of 1.7 wt% as
shown in Fig. 3d. Therefore, the concentration of 1.7 wt% blocking
agent (BSA) was applied for further experiments.

3.2.3. Final Volume Optimization
The final volume of the redispersion was also optimized. The results

demonstrated that the final volume about 500 μL could provide the
higher S/N ratio compared to other entries when the volumes ranged
from 350 to 950 μL (Fig. 3e). Therefore, 500 μL was set as the optimum
value of the redispersion (the initial volume of 1.5 mL Au@Pt NPs).
Fig. 4. (a) The calibration plot of the Au@Pt-HRP immunoassay toward hCG standards (Inset: the
immunoassay and BA-ELISA; (c) The specificity of the Au@Pt -HRP immunoassay; (d) Compar
3.2.4. pH Optimization
The catalytic activity of HRP and the binding capacity of antibodies to

antigens were both influenced by pH. So the pH effect of Au@Pt-HRP
probe is required. The S/N ratio increased with increasing pH from 7.2
to 7.6, and then decreased as pH increased further as shown in Fig. 3f.
Therefore, the working buffer was adjusted to be pH 7.6 for further
experiments.

3.3. Au@Pt-HRP Immunoassay Analytical Performances

Fig. 4a shows the corresponding standard curve. The OD450 was pro-
portional to the hCG concentration in a linear range of 0.4–12.8 IU L−1,
and the linear equation is y=0.2383 x+0.02991with a correlation co-
efficient R2 = 0.999. The LOD, defined as 3SD/slope (SD is the standard
deviation of control group measured 20 times), was calculated to be
0.1 IU L−1. Compared to other colorimetric immunoassay (Table 1),
this work behaved high sensitivity and selectivity. The comparison of
Au@Pt-HRP immunoassay with Au@Pt NP immunoassay and BA-ELISA
was shown in Fig. 4b. The results indicated that the response of Au@
Pt-HRP immunoassay was always higher than those of the other
methods relative to the same concentration of hCG. Compared with
the LODs of BA-ELISA (0.8 IU L−1) and Au@Pt NPs immunoassay
(2.0 IU L−1), Au@Pt-HRP probe immunoassay shows a higher
sensitivity.

To examine the reproductivity of this Au@Pt-HRP immunoassay for
the determination of hCG, three standard concentrations of hCG (0.7,
2.0, 6.5 IU L−1) were analyzed. The variation coefficients (CVs) of the
intra-assay were detected to be 5.8%, 6.6% and 5.0% at 0.7, 2.0, and
6.5 IU L−1, respectively. The inter-assay CVs were 8.8%, 10.9% and 6.3%
at 0.7, 2.0, and 6.5 IU L−1 of hCG, respectively. These results demonstrat-
ed the immunoassay to be a good precision and reproductivity. The se-
lectivity of Au@Pt-HRP probewas evaluated by comparing the results of
hCG at 5 IU L−1 (about 0.54 ng mL−1) and 5 IU L−1 of luteotropic hor-
mone (LH), 0.54 ngmL−1 immunoglobulin G (IgG) and other potential-
ly interfering chemical substances (54 ng mL−1) such as ascorbic acid,
corresponding photographs), (b) The comparison of Au@Pt-HRP immunoassay, Au@PtNP
ison of turnover number for HRP, HRP-Au NP, Au@Pt NP, mAb1-Au@Pt NP Au@Pt-HRP.



Table 1
The colorimetric method for the detection of hCG in the previous reported.

Measurement protocol Linear range
(IU L−1)

LOD (IU L−1) Reference

ELISA 10.97–9653.6 – [27]
Colorimeteric method with magnetic particles. – 0.1 [28]
Colorimetric immunoassay with magnetic particles and nanospherical brushes 0.012 [29]
Fluorescent immunoassay 1–8000 1 [30]
Colorimetric method with gold nanoparticles 15–1000 15 [31]
Colorimetric immunoassay with mesoporous silica encapsulated Pt 46.5–1860 93 [16]
Colorimetric immunoassay with Au@Pt-HRP 0.4–12.8 0.1 This work
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glucose and urea. As shown in Fig. 4c, only hCG caused an obvious signal
change. These interfering agents assessed by thismethod could not lead
to obvious signal decrease. The result indicated that the Au@Pt-HRP
probe presented high selectivity to hCG.
3.4. The Catalytic Activity Analysis of Au@Pt-HRP Probe

In order to assay the Pt effect in the catalytic activity of Au@Pt-HRP
probe, comparison experiments were designed as follow: Entry 1
was carried out using 10 μL Au@Pt NP, mAb1-Au@Pt NP and Au@Pt-
HRP probe with various concentrations in 100 μL substrate solution at
37 °C for 30 min. Entry 2 was carried out using 10 μL HRP with various
concentrations in 100 μL substrate solution at 37 °C for 30 min. Entry
3 was carried out using 10 μL HRP-Au NP (HRP-Au NP was synthesized
as the same process as Au@Pt-HRP probe) with various concentrations
in 100 μL substrate solution at 37 °C for 30min. The absorbance intensi-
ty at 652 nm was recorded at 30 min.

The apparent turnover number (TN)was carried out to evaluate cat-
alytic efficiency of the Au@Pt-HRP probe relative to H2O2-TMB system,
and defined as the amount of oxidized TMBmolecules per catalyst mol-
ecule per second according to the previous report [26]. TNwas calculat-
ed from absorbance at 652 nm based on the Beer-Lambert theory (A=ɛbc, where A is the absorbance, ɛ is the molar extinction coefficient (ox-
idized TMB, 652 nm) = 3.9 × 104 M−1 cm−1, b is the length of optical
path (b= 0.34 cm), and c is the concentration of substance.) by varying
the amount of HRP, Au@Pt NP and Au@Pt-HRP probe. The results (Fig.
S1c) showed that the average amount of oxidized TMB production (y)
was proportional to that of Au@Pt-HRP probe (x) in a linear range of
8.00 × 10−17–8.00 × 10−16 mol, and the linear equation is y =
10,573.68 x + 6.00 × 10−13, with a correlation coefficient of 0.999.
And then, the slope of the equation was the apparent TN of the Au@
Pt-HRP probe (i.e. TN = 10,573.68 ± 443.44 s−1). For comparison, the
apparent TN of Au@Pt NP (Fig. S1a), mAb1-Au@Pt NP (Fig. S1b), HRP
(Fig. S2) and HRP-Au NP (Fig. S3) were also studied and the results
were 4058.45 ± 83.01, 3731.08 ± 219.80, 312.63 ± 2.53, 3562.76 ±
72.11 s−1, respectively (Fig. 4d). The catalytic efficiency of Au@Pt-HRP
probe is 2.8-fold increase over that of mAb1-Au@Pt NP and 33.8-fold in-
crease over that of HRP.

The catalysis of the Au@Pt NP and HRP relative to H2O2-TMB system
could be considered to be independent to each other. The amount of ox-
idized TMB catalyzed by one Au@Pt-HRP probe in one second could be
calculated by Eq. (4)

NAE ¼ NA þ NE ð4Þ

NAE was the amount of oxidized TMB catalyzed by one Au@Pt-HRP
probe; NA was the amount of oxidized TMB catalyzed by one Au@Pt
NP; NE was the amount of oxidized TMB catalyzed by HRP molecule.
The Eq. (4) could be changed into Eq. (5) according to the definition
of TN

TNAE ¼ TNA þ KTNE ð5Þ

TNAE was the apparent turnover number of one Au@Pt-HRP probe;
TNA was the apparent turnover number of one Au@Pt NP; TNE was the
apparent turnover number of one HRP molecule; K was the number of
HRP molecules absorbed on the Au@Pt NP.

According to the Eq. (5), the K value was calculated to be 21.89. The
result revealed that average 21–22HRPmolecules could be adsorbed on
one Au@Pt NPwhich could be used to amplify the detection signal. Gold
nanoparticle was always used as a carrier for antibody or HRP in immu-
noassay. In this work, about 11–12HRPmolecules could be absorbed on
the Au NP with the same input of mAb1 and HRP compared to the Au@
Pt-HRP probe. There were about 5–6 streptavidin-HRP molecules could
be absorbed onto one 10 nm gold nanoparticle in the previous report
[8]. Biotin-avidin ELISA (BA-ELISA) was a sensitive method applied to
the detection of biomarker, and 1–6HRPmolecules could be conjugated
to an antibody in Biotin-avidin ELISAmethod. Compared to the previous
reports and BA-ELISA, the HRP molecules absorbed on the carriers in
this work increased greatly (from 11 to 12 or 1–6 to 21–22). This
work illustrated that Au@Pt NP was not only a favorable catalyst, but a
nice carrier used for the signal amplification as well.

4. Conclusions

In summary, based on the dual catalysis of Au@Pt NPs andHRP relate
to the TMB-H2O2 system, theAu@Pt-HRP immunoassaywas established
for the hCG detection. Upon the optimized experimental conditions, the
Au@Pt-HRP immunoassay had a detection range from 0.4 to 12.8 IU L−1

and an LOD of 0.1 IU L−1. Compared with previous strategies (Table 1),
the developed immunoassay presented a better sensitivity. Besides, this
immunoassay exhibited good precision and reproducibility, high speci-
ficity to hCG. The dual catalysis based onAu@PtNPs andHRP as a type of
signal amplified method was first applied in the colorimetric immuno-
assay for the hCG detection. These results gave a new direction for the
development of highly sensitive immunoassay platforms for the detec-
tion of biomarkers which could be extended to address numerous other
targets.
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