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Abstract

Serum myoglobin is one of the earliest markers for the diagnosis of acute myocardial infarction. It is, therefore, critical to
develop a point-of-care testing technology for myoglobin detection. In this work, we reported a sensitive plasmonic
immunoassay-based on enzyme-mediated localized surface plasmon resonance change of gold nanorods for the point-
of-care testing detection of myoglobin. In addition, we developed a novel plasmonic immunoassay reader using the
ambient light sensor of smart phone to increase the accessibility and utility of the plasmonic immunoassay. The linear
detection range of gold nanorods-based plasmonic immunoassay for myoglobin detection was 0.1–1000 ng mL−1 and
the limit of detection was 0.057 ng mL−1. Myoglobin in serum samples was also analyzed by the plasmonic
immunoassay. The results were significantly correlated with those of conventional enzyme-linked immunosorbent
assay. The plasmonic immunoassay, coupled with smart phone-based reader, could be widely used for point-of-
care testing application of acute myocardial infarction, especially in the regions with limited technological
resources.
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Introduction
Acute myocardial infarction (AMI) is the medical name
for a heart attack that occurs when the blood flowing to
the heart muscle is abruptly cut off, leading to tissue dam-
age [1]. Symptoms of AMI include severe and persistent
post-sternal pain, arrhythmia, shock, and heart failure,
which could be fatal [2]. AMI is one of the most common
diseases in Europe and America. Approximately,
1,500,000 people suffer from myocardial infarction every
year in the USA alone. An obvious increase trend of AMI
has also been observed in China in recent years, with at
least 500,000 new patients per year. Point of care test of
biomarker is of great significance for the early monitoring
and treatment of AMI. Serum myoglobin (Myo) increases
in 1–2 h after an AMI and reaches peak value at 6–9 h.

Myo is believed to be one of the earliest serum markers
for early diagnosis of AMI [3–5].
Recently, plasmonic immunoassays have been developed

by combining traditional enzyme-linked immunosorbent
assay (ELISA) and nanomaterials [6, 7]. Plasmonic immu-
noassays have been widely used in clinical diagnosis [8],
environmental pollution monitoring [9], and food safety
detection [10]. Compared to other immunoassays,
plasmonic immunoassays are highly sensitive and allow
for naked-eye readout without the use of sophisticated
instruments. Metal nanoparticles, such as gold and silver
nano-materials, are commonly used in plasmonic nano-
sensors, due to their excellent localized surface plasmon
resonance (LSPR). In plasmonic immunoassays, the en-
zyme-labeled antibody catalyzes its substrates to generate
a product that triggers the aggregation or shape change of
the nanomaterials. Chen’s group [11] reported a plas-
monic immunoassay for pathogen detection using acetyl-
cholinesterase (AChE)-catalyzed hydrolysis reaction to
induce the aggregation of gold nanoparticles (AuNPs).
The sensitivity of the plasmonic immunoassay is

* Correspondence: qihui_liu@126.com; 982623065@qq.com; txjj@jnu.edu.cn
†Quanli Yang, Ruitian Cai and Wei Xiao contributed equally to this work.
1Institute of Biotranslational Medicine, Jinan University, Guangzhou 510632,
People’s Republic of China
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Yang et al. Nanoscale Research Letters          (2018) 13:397 
https://doi.org/10.1186/s11671-018-2806-9

http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-018-2806-9&domain=pdf
mailto:qihui_liu@126.com
mailto:982623065@qq.com
mailto:txjj@jnu.edu.cn
http://creativecommons.org/licenses/by/4.0/


comparable to RT-PCR. However, the robust, ultra-rapid,
and highly stable AuNPs aggregation in colorimetric assay
remains a challenge due to the aggregation procedure of
AuNPs being dynamic [12, 13]. Another kind of plas-
monic immunoassay is based on inducing shape change of
plasmonic nanoparticles. Triangular silver nanoprisms
(AgNPRs) etching-based plasmonic biosensors were re-
ported for the detection of cancer biomarkers, which uses
hydrogen peroxide (H2O2) produced by glucose oxidase
(GOx) for AgNPR etching [14, 15]. However, in order to
quantitatively test a molecular target, relatively sophisti-
cated and bulky instruments for measuring spectrum of
nanomaterials are necessary along with the plasmonic
immunoassays. The inconvenience associated with these
instruments makes them inapplicable for point of care
analysis. Therefore, there is an urgent need to develop a
portable, inexpensive, and easy-to-use plasmonic immuno-
assay reader for a point-of-care testing (POCT) diagnosis.
Gold nanorods (AuNRs) have been widely adopted in

biosensors [16–18], plasmonic imaging [19], tumor photo-
thermal therapy [20], and photodynamic therapy [21] due
to their unique physical, optical and electronical proper-
ties [22–24]. In this work, we reported a sensitive plas-
monic immunoassay based on the enzyme-mediated
LSPR change of AuNRs for the detection of Myo. In order
to facilitate POCT diagnosis of AMI, we developed a
novel plasmonic immunoassay reader using the ambient
light sensor (ALS) of a smart phone. The high correlation
between the results obtained from the plasmonic
immunoassay and those from traditional ELISA on serum
specimens demonstrated the application potentials of this
new method for early POCT diagnosis of AMI, especially
in the regions with limited technological resources.

Materials and Methods
Materials and Reagents
Myo (from human heart tissue) was purchased from
Abcam (Cambridge, UK). Anti-myo monoclonal anti-
bodies (mAb1 and mAb2) were produced in our lab (Add-
itional file 1). Silver nitrate (AgNO3, 99.8%) and sodium
borohydride (NaBH4) were purchased from Sinoreagent
(Shanghai, China). The hydrogen peroxide (H2O2, 30 wt%)
and H2SO4 were purchased from GZ chemical reagent
factory (Guangzhou, China). Light-emitting diode (LED,
850 nm) was purchased from Shenzhen OCtai Co., Ltd.
(Shenzhen, China). Chloroauric acid (HAuCl4), TMB
(3,3′,5,5′-tet-ramethylbenzidine), Tween-20, and cetyltri
methylamm-onium bromide (CTAB) were purchased
from Amresco (Houston, TX, USA). Glucose oxidase type
VII from Aspergillus niger (GOx), horseradish peroxidase
type VI (HRP), and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Deionized water (Milli-Q grade, Millipore) with a resistiv-
ity of 18.2 MΩ cm was used throughout this study. Serum

samples were collected from the Guangzhou Overseas
Chinese Hospital (Guangzhou, China).

Apparatus
The LSPR spectra of AuNRs in 96-well plates were col-
lected by a Synergy H1 Hybrid Multi-Mode Microplate
Reader (Bio-Tek Instruments, Inc. USA). The absorbance
of the HRP-based ELISA was measured at 450 nm using a
MK3 microplate reader (Bio-Tek Instruments, Inc. USA).
Characterization of AuNRs was performed with a PHI-
LIPS TECNAI-10 transmission electron microscope
(TEM) operating at an acceleration voltage of 120 kV. The
samples for TEM measurements were prepared by depos-
iting one drop of aqueous dispersion onto a copper grid
coated with thin films of carbon, and the solvent was re-
moved by evaporation in air. A 3D printer was purchased
from the SHINING 3D (Hangzhou, China). A HUAWEI
P9 smart phone (Shenzhen, China) was chosen as the
basic smart phone for the plasmonic immunoassay reader.

Design of the Smart Phone-Based Plasmonic
Immunoassay Reader
The design of the smart phone-based plasmonic im-
munoassay reader was created with software (Solidworks
2014), and then processed by the software, 3D star. For
printing setup, print mode was set to quality and the
supporting way was configured to internal and external
support. A free smart phone application, Light Meter,
was utilized to display measured results on the screen.
In this work, the plasmonic immunoassay reader is run-
ning on an android (open source) phone. This reader
also can be used on iPhone, if the user applied an iOS
version software (Light Meter).

Synthesis of AuNRs
AuNRs were prepared by seed gold-mediated growth [25].
Gold seed preparation: fresh 0.01 M sodium borohydride
in 0.01 M sodium hydroxide was prepared. Then, 600 μL
of sodium borohydride solution were added to a HAuCl4
solution (0.25 mM) in 10 mL 0.1 M CTAB under stirring
(300 rpm min−1). The color of the gold seed changed from
greenish to light brown. Synthesis of nanorods: AgNO3

(70 μL, 0.1 M) solution was added to 10 mL HAuCl4 solu-
tion (0.5 mM) in 0.1 M CTAB. Subsequently, 140 μL of
ascorbic acid (0.0788 M) were added under stirring
(300 rpm min−1). Finally, 12 μL of gold seed were added,
and the solution was mixed under stirring (300 rpm min−1)
for 12 h before use.

Procedure of AuNRs-Based Plasmonic Immunoassay for
Myo Detection
For the plasmonic immunoassay, to prepare the 96-well
polystyrene plates with anti-Myo antibody 1 (Ab1), di-
luted Ab1 was incubated in 96-well polystyrene plates at
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4 °C overnight. After three washes with PBST, the
96-well polystyrene plates were blocked with blocking
buffer (1 mg mL−1 BSA in PBST) at 37 °C for 1 h. Then
the 96-well polystyrene plates were washed three times
with wash buffer, and stored at − 20 °C. The Anti-Myo
antibody 2 labeled with GOx (GOx-Ab2) was prepared by
following the procedures showed in the Additional file 1.
For Myo detection, different concentrations of Myo solu-

tions (100 μL) were added to the Ab1-coated 96-well poly-
styrene plates. After incubation for 1 h, the plates were
washed three times with PBST buffer, and then
0.01 mg mL−1 GOx-Ab2 was added and incubated at 37 °C
for another 1 h. Then, the plates were washed three times
with PBST buffer, and 50 μL glucose (0.5 mM) was added
and incubated at 37 °C for 30 min. Subsequently, the super-
natant was mixed with 50 μL citrate buffer (40 mM,
pH 4.0) containing AuNRs ([Au0] 0.24 mM), CTAB
(12.5 mM), and HRP (3 μM), and incubated for 30 min.
The corresponding LSPR spectrum of the AuNRs was col-
lected by a commercial microplate reader and the transmit-
ted light intensity (850 nm) of the AuNRs was measured by
the smart phone-based plasmonic immunoassay reader.
The calibration curve of the plasmonic immunoassays for
Myo was constructed by fitting measured transmitted light
intensity to the related Myo concentration. For detection of
Myo, serum samples were diluted ten times using PBS buf-
fer. Then, 100 μL of the diluted serum samples were added
to the Ab1-coated 96-well polystyrene plates. The concen-
tration of Myo was tested as described above. Each value
presents the mean from three replicates.
The procedure for HRP-based ELISA is shown in the

Additional file 1.

Data Analysis Method
Linear regression analysis was processed with origin
9.0. All experiments were repeated three times

independently. Each value presents the mean from
three replicates.

Results and Discussion
Principle of the AuNRs-Based Immunoassay for Myo
Detection
The plasmonic immunoassay combines sandwich
immunoassay with the plasmonic characteristic of AuNRs.
Ab1 and Ab2 were conjugated with glucose oxidase
(GOx-Ab2) (Fig. 1). Upon binding, the GOx-labeled Ab2
could catalyze its substrate glucose to generate gluconic
acid and hydrogen peroxide (H2O2). The H2O2 acts as an
oxidant to etch the AuNRs under certain concentration of
HRP and Br−, which leads to a substantial blue shift in the
SPR spectrum of AuNRs and a decrease in the absorbance
of AuNRs at 850 nm. In the plasmonic immunoassay, the
amount of GOx is proportional to the target concentration.
The degree of blue shift in the SPR spectrum of AuNRs
and absorbance reduction of AuNRs at 850 nm was posi-
tively correlated to target concentrations. The results of
plasmonic immunoassay could be qualified by using a mi-
croplate reader to measure the blue shift of AuNRs SPR
spectrum or by using the smart phone reader to measure
the change in the absorbance of AuNRs at 850 nm.

Optimization of Plasmonic Immunoassay for Myo
Detection
HRP and CTAB concentrations directly affect the
detected results. In this work, AuNRs were etched by a
solution that contained 100 μM of H2O2, and different
concentrations of HRP and CTAB in citrate buffer
(40 mM, pH 4.0), from which LSPR shift of AuNRs was
recorded. In this study, 1.5 μM HRP and 6.25 μM CTAB
were selected due to the maximal LSPR shift of AuNRs
observed at these concentrations (Fig. 2a). At the opti-
mized HRP and CTAB concentrations, AuNPs were

Fig. 1 Schematic diagram of the AuNRs-based plasmonic immunoassay for Myo detection
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etched by 100 μM H2O2 in citrate buffer (20 mM, pH
4.0). LSPR spectrum of AuNRs was blue shifted and the
absorbance of AuNRs at 850 nm was decreased with
time (Fig. 2b). After 30 min, LSPR of AuNRs stable.
Therefore, 30 min was selected as the time for H2O2

etching of AuNRs. AuNPs were etched by different con-
centrations of H2O2. AuNRs LSPR spectrum was blue
shifted with decreasing H2O2 concentration (Fig. 2c).
TEM images of AuNRs showed that with increasing
H2O2 concentration, the shape of AuNRs changed from
rectangle to ellipse (Fig. 2d–f ). These results demon-
strated that AuNRs LSPR spectrum was dependent on
the concentration of H2O2.

GOx could catalyze glucose to produce H2O2, which
could etch AuNRs. In this work, 0.5 mM glucose was

catalyzed by different concentrations of GOx, and the
produced H2O2 was used to etch AuNRs (Fig. 2g). When
the concentration of GOx was at 100 pg mL−1 (6.66 ×
10−11 mol L−1), the LSPR spectrum of AuNRs showed
an obvious blue shift, suggesting the high sensitivity of
the AuNRs-based plasmonic immunoassay. GOx was
conjugated with Ab2 and then diluted to different con-
centrations. The catalytic activity of GOx-Ab2 was vali-
dated by decomposed GOx and etched AuNRs. The
LSPR spectrum of AuNRs was blue shifted with increas-
ing GOx-Ab2 concentration (Fig. 2h), which indicated
that GOx-Ab2 maintains good catalytic activity. In
addition, Myo was coated on microplates and incubated
with GOx-Ab2. After 30 min, GOx-Ab2 was washed
three times with PBST buffer. Glucose was then added

Fig. 2 Optimization and characterization of AuNRs based on plasmonic immunoassay for Myo detection. a Optimization of HRP and CTAB
concentration in AuNRs based on plasmonic immunoassay. Different color lines represent different concentrations of CTAB, among which
6.25 mM CTAB and 1.5 μM HRP were preferred. b Optimization of time for H2O2 etching AuNRs, for which 1.5 μM HRP, 6.25 mM CTAB,
and 100 μM H2O2 contained in citrate buffer (20 mM, pH 4.0) for 30 min was preferred. c LSPR spectrum of AuNRs with the addition of
50 μL of varying concentrations of H2O2. d–f TEM images of AuNRs etched by different concentrations of H2O2 (0 μM, 10 μM, and 100 μM) for 30 min.
g LSPR shift of AuNRs under different concentrations of GOx. h LSPR spectrum of AuNRs in the presence of GOx-Ab2 at different dilution ratios. i LSPR
spectrum shift of AuNRs in the direct plasmonic immunoassay coated with different concentrations of Myo. Each value presents the mean
from three replicates
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to the microwell, followed by the addition of AuNRs to
the glucose solution after 30 min. The blue shift of the
LSPR spectrum of AuNRs increased with increasing
GOx-Ab2 concentration (Fig. 2i), demonstrating that
Ab2 maintains its immunologic activity, while GOx
maintains its catalytic activity.

Smart Phone-Based Plasmonic Immunoassay Reader for
On-site Myo Detection
Commonly reported plasmonic immunoassays are inter-
preted quantitatively by a commercial microplate reader or
a spectrometer, which limits their utility in resource-lim-
ited regions. In order to improve the accessibility of our
plasmonic immunoassay, we prepared a smart phone-
based plasmonic immunoassay reader that relies on
ambient light sensor (ALS) of a smart phone to measure
transmitted light intensity of AuNRs. In most smart
phones, ALS is a default configuration used to automatic-
ally adjust the light intensity of the screen depending on
various circumstances. We previously reported using ALS
in colorimetric assay reader [26–28]. The principle and in-
struction for the plasmonic immunoassay reader were doc-
umented in the previous publication [29]. The 3D-printed
plasmonic immunoassay reader consists of two parts: part
1 (100 mm× 40 mm× 40 mm) could be fixed on a smart
phone to supply a stable light source powered by two bat-
teries (1.5 V), and part 2 (76 mm× 13 mm× 12 mm) could
be used to host microwells. Once the plasmonic immuno-
assay was completed, the microwell was assembled onto
part 2, as shown Fig. 3a, and then part 2 was fixed onto
part 1. Part 1 was then attached to the ALS of the smart
phone. In this design, the LED was aligned with the ALS of
the smart phone. Once the switch was turned on, the light
from the LED was transmitted across AuNRs and mea-
sured by the ALS. The transmitted light intensity of each
microwell could be read by sliding part 2. Through the

Android application Light Meter, the measured results
could be presented on the screen of a smart phone. In the
plasmonic immunoassay, the maximum absorption
spectrum of AuNRs was 850 nm, and with increasing
H2O2 concentration, the absorbance of AuNRs at 850 nm
was gradually decreased. Therefore, 850 nm was selected
as the wavelength of the exciting light of the LED in the
plasmonic immunoassay reader. The total cost of the smart
phone-based plasmonic immunoassay reader was about
two dollars. To compare measured results from the smart
phone-based plasmonic immunoassay reader and those
from commercial microplate reader, the transmitted light
intensity and absorbance of AuNRs in microwell were
measured. Results obtained from these devices were fitted
and showed a 99.1% correlation (Fig. 3b), indicating that
the smart phone-based plasmonic immunoassay reader
was a comparable tool in terms of accuracy.

Analytical Performance of the Plasmonic Immunoassay
for Myo Detection
For the performance of AuNRs-based plasmonic
immunoassay, different concentrations of Myo were ana-
lyzed. LSPR spectrum of AuNRs was recorded by a com-
mercial spectrometer, and the transmitted light intensity
of LSPR spectrum of AuNRs was measured by the smart
phone-based plasmonic immunoassay reader. With in-
creasing Myo concentrations, LSPR spectrum of AuNRs
was blue shifted and the absorbance of LSPR spectrum of
AuNRs was decreased (Fig. 4a). LSPR blue shift of AuNRs
was used for quantitative analysis of Myo concentration.
When the Myo concentration was at 0 pg mL−1, the LSPR
blue shift of AuNRs was 0 nm. With increasing Myo con-
centrations, the LSPR peaks of AuNRs were blue shifted
(Additional file 1: Figure S1). The measured transmitted
light intensities were employed to quantify the concentra-
tions of Myo. The linear detection range of AuNRs based

Fig. 3 Mechanism of smart phone-based plasmonic immunoassay reader. a Schematic of the 3D-printed accessory of smart phone-based plasmonic
immunoassay reader. Transmitted light intensity of AuNRs was measured by ALS of the smart phone and the value was displayed onto a screen. b The
correlation between results from the smart phone based plasmonic immunoassay reader and those from the commercial microplate reader. Each
value presents the mean from three replicates
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on plasmonic immunoassay quatified by LSPR
spectrum blue shift was 0.1–1000 ng mL−1 (Add-
itional file 1: Figure S2-S3) with the limit of detection
at 57.81 pg mL−1. The measured transmitted light in-
tensity of AuNRs decreased with increasing Myo con-
centrations (Fig. 4b). The measured transmitted light
intensities were employed to quantify the concentra-
tions of Myo. The linear detection range of plasmonic
immunoassay quantified by transmitted light intensity
of AuNRs was 0.1–1000 ng mL−1 (Fig. 4c) with the
limit of detection at 64.13 pg mL−1. AMI was defined
as serum concentration of Myo higher than
90 ng mL−1. For detection of Myo in clinical samples,
serum was diluted ten times prior to analysis to
improve the consistency of the measured results.

Comparison of the Plasmonic Immunoassay and ELISA
ELISA is one of the most widely used techniques in
clinical diagnosis. In this work, we compared the
detection performance of ELISA and the plasmonic
immunoassay for Myo analysis. The same antibodies
and antigens were used in both methods. The linear
detection range of ELISA was 25–1000 ng mL−1 and

the LOD was 22.7 ng mL−1 (Fig. 5a, Additional file 1:
Figure S4). Compared with ELISA, the plasmonic im-
munoassay was more sensitive and exhibited a wider
detection range. In addition, to demonstrate the feasi-
bility of using the plasmonic immunoassay for clinical
application, Myo in clinical serum samples was mea-
sured by the plasmonic immunoassay and ELISA. Re-
sults of plasmonic immunoassay were read by a
commercial microplate reader and smart phone-based
plasmonic immunoassay reader, respectively. The re-
sults from these two methods were well-correlated
(Fig. 5b), indicating that the AuNRs-based plasmonic
immunoassay could be used for clinical AMI
diagnosis.

Conclusions
By taking advantage of the unique optical properties of
AuNRs, we successfully developed a plasmonic
immunoassay for detecting acute myocardial infarction
in clinical samples. To improve the utility of the
immunoassay in on-site testing, we prepared a smart
phone-based plasmonic immunoassay reader that relies
on ALS of the smart phone to measure transmitted

Fig. 4 Plasmonic immunoassay for Myo detection. a LSPR peak shifts of AuNRs at different concentrations of Myo. b Absorbance of AuNRs for
the detection of different concentrations of Myo. c Calibration line of plasmonic immunoassay for Myo detection as read by smart phone-based
reader. Each value presents the mean from three replicates

Fig. 5 Comparison of the plasmonic immunoassay and conventional ELISA for Myo detection. a Calibration line of ELISA for Myo detection. b
Comparison of the plasmonic immunoassay and conventional ELISA in testing serum samples. The transverse axis represents results from ELISA
and the vertical axis represents results from the plasmonic immunoassay. Each value presents the mean from three replicates
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light intensity of AuNRs. The limit of detection of the
AuNRs-based plasmonic immunoassay read by the
smart phone reader was 0.057 ng mL−1. This biosensor
was more sensitive than conventional ELISA, making it
a promising platform for biomedical applications. In
addition, by using the smart phone-based plasmonic
immunoassay reader, the biosensor does not require
any sophisticated experimental equipment, which
makes it more accessible in the regions with limited
resources.

Additional File

Additional file 1: Figure S1. GOx concentration-dependent LSPR
spectrum of AuNRs. LSPR spectrum of AuNRs etched by H2O2 from different
concentrations of GOx. Figure S2. LSPR shift of plasmonic immunoassay for
detection of different concentrations of Myo. LSPR shift of AuNRs based
plasmonic immunoassay for detection of different concentrations of Myo.
Each value presents the mean from 3 replicates. Figure S3. Calibration
curve of AuNRs based plasmonic immunoassay for Myo detection. The
calibration curve of plasmonic immunoassay for Myo detection is
dependent on LSPR shift of AuNRs. Each value presents the mean
from 3 replicates. Figure S4. Results of ELISA for detection of
different concentrations of Myo. Each value presents the mean from
3 replicates. (DOCX 1858 kb)

Abbreviations
Ab1: Anti-Myo antibody; Ab2: Anti-Myo antibody 2; AgNPRs: Triangular silver
nanoprisms; ALS: Ambient light sensor; AMI: Acute myocardial infarction;
AuNPs: Gold nanoparticles; AuNRs: Gold nanorods; ELISA: Enzyme-linked
immunosorbent assay; GOx: Glucose oxidase; H2O2: Hydrogen peroxide;
HRP: Horseradish peroxidase; LSPR: Localized surface plasmon resonance;
Myo: Serum myoglobin; POCT: Point-of-care testing

Acknowledgements
This work is supported by the National Natural Science Foundation of China
(31700768) and China Postdoctoral Science Foundation (2017 M612841).

Availability of Data and Materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Authors’ Contributions
QY experimental and manuscript preparation. RC experimental. WX
experimental and manuscript review. ZW manuscript review. XL manuscript
review. YX manuscript review. MX experimental design. HZ experimental
planning. GS experimental planning. QL manuscript preparation and review.
QF experimental planning and manuscript preparation. JX experimental
planning and review. JX experimental planning and manuscript preparation.
All authors read and approved the final manuscript.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Institute of Biotranslational Medicine, Jinan University, Guangzhou 510632,
People’s Republic of China. 2Department of Bioengineering, Guangdong
Province Key Laboratory of Molecular Immunology and Antibody
Engineering, Jinan University, Guangzhou 510632, People’s Republic of China.
3Department of Orthopedics, First Affliated Hospital, Jinan University,
Guangzhou 510632, People’s Republic of China.

Received: 7 September 2018 Accepted: 19 November 2018

References
1. Peters AE, Keeley EC (2018) J Am Heart Assoc Cardiovasc Cerebrovasc

Dis 7:e007664
2. Lu SF, Lu LX, Smith JS, Dai X (2017) Am J Med 131:574
3. Greenslade JH, Carlton EW, Van HC, Cho E, Hawkins T, Parsonage WA, Tate J,

Ungerer J, Cullen L (2017) Ann Emerg Med 71:439–451
4. Mccord J, Nowak RM, Mccullough PA, Foreback C, Borzak S, Tokarski G,

Tomlanovich MC, Jacobsen G, Weaver WD (2001) Circulation 104:1483–1488
5. Shumyantseva VV, Bulko TV, Sigolaeva LV, Kuzikov AV, Pogodin PV, Archakov

AI (2017) Biosens Bioelectron 99:216–222
6. Guo L, Chen L, Hong S, Kim DH (2016) Biosens Bioelectron 79:266–272
7. Tokel O, Inci F, Demirci U (2014) Chem Rev 114:5728
8. Xianyu Y, Wang Z, Jiang X (2014) ACS Nano 8:12741–12747
9. Yao C, Yu S, Li X, Wu Z, Liang J, Fu Q, Xiao W, Jiang T, Tang Y (2017) Anal

Bioanal Chem 409:1093–1100
10. Howes PD, Rana S, Stevens MM (2014) Chem Soc Rev 43:3835–3853
11. Liu D, Wang Z, Jin A, Huang X, Sun X, Wang F, Yan Q, Ge S, Xia N, Niu G,

Walker H, Chen X (2013) Angew Chem 52:14065
12. Koh B, Li X, Zhang B, Yuan B, Lin Y, Antaris AL, Wan H, Gong M, Yang J,

Zhang X (2016) Small 12:457–465
13. Guo Y, Jie W, Jie L, Ju H (2015) Biosens Bioelectron 78:267
14. Yao C, Yu S, Li X, Wu Z, Liang J, Fu Q, Xiao W, Jiang T, Tang Y (2016) Anal

Bioanal Chem 409:1–8
15. Liang J, Yao C, Li X, Wu Z, Huang C, Fu Q, Lan C, Cao D, Tang Y (2015)

Biosens Bioelectron 69:128
16. Ma X, Lin Y, Guo L, Qiu B, Chen G, Yang HH, Lin Z (2016) Biosens Bioelectron 87:122
17. Wu L, Wang Z, Zong S, Huang Z, Zhang P, Cui Y (2012) Biosens Bioelectron 38:94
18. Zhang Z, Chen Z, Cheng F, Zhang Y, Chen L (2016) Biosensors & Bioelectronics

89:932–936
19. Liu L, Ding H, Yong KT, Roy I, Law WC, Kopwitthaya A, Kumar R, Erogbogbo

F, Zhang X, Prasad PN (2011) Plasmonics 6:105–112
20. Huang X, El-Sayed IH, Qian W, El-Sayed MA (2006) J Am Chem Soc 128:2115
21. Zhang C, Cheng X, Chen M, Sheng J, Ren J, Jiang Z, Cai J, Hu Y (2017)

Colloids Surf B Biointerfaces 160:345–354
22. Yu YY, Chang SS, Chienliang Lee A, Wang CRC (1997) J Phys Chem B 101:

6661–6664
23. Pérez-Juste J, Pastoriza-Santos I, Liz-Marzán LM, Mulvaney P (2005) Coord

Chem Rev 249:1870–1901
24. Joplin A, Jebeli SAH, Sung E, Diemler N, Straney PJ, Yorulmaz M, Chang WS,

Millstone JE, Link S (2017) ACS Nano 11:12346–12357
25. Nikoobakht B, El-Sayed MA (2003) Chem Mater 15:1957–1962
26. Fu Q, Wu Z, Li X, Yao C, Yu S, Wei X, Tang Y (2016) Biosens Bioelectron 81:524–531
27. Fu Q, Wu Z, Xu F, Li X, Yao C, Xu M, Sheng L, Yu S, Tang Y (2016) Lab Chip 16:1927
28. Meng X, Huang H, Yan K, Tian X, Yu W, Cui H, Kong Y, Xue L, Liu C, Wang S

(2016) Lab Chip 17:104–109
29. Chen Y, Fu Q, Li D, Xie J, Ke D, Song Q, Tang Y, Wang H (2017) Anal Bioanal

Chem 409:1–8

Yang et al. Nanoscale Research Letters          (2018) 13:397 Page 7 of 7

https://doi.org/10.1186/s11671-018-2806-9

	Abstract
	Introduction
	Materials and Methods
	Materials and Reagents
	Apparatus
	Design of the Smart Phone-Based Plasmonic Immunoassay Reader
	Synthesis of AuNRs
	Procedure of AuNRs-Based Plasmonic Immunoassay for Myo Detection
	Data Analysis Method

	Results and Discussion
	Principle of the AuNRs-Based Immunoassay for Myo Detection
	Optimization of Plasmonic Immunoassay for Myo Detection
	Smart Phone-Based Plasmonic Immunoassay Reader for On-site Myo Detection
	Analytical Performance of the Plasmonic Immunoassay for Myo Detection
	Comparison of the Plasmonic Immunoassay and ELISA

	Conclusions
	Additional File
	Abbreviations
	Acknowledgements
	Availability of Data and Materials
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

