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ABSTRACT: Breast cancer is the most common cause of cancer death in
women; therefore, its early detection and treatment are crucial. To achieve this
goal, we designed an optical sensor based on direct interaction of trastuzumab
[Herceptin (HER)], a monoclonal antibody used to treat HER2-positive breast
cancer, with plasmonic nanoparticles. Surface-modified gold nanoparticles
(AuNPs) have gained considerable attention in biosensing techniques over the
last years, which actuated these nanoparticles to the heart of various biosensing
notions. We have exploited the localized surface plasmon resonance (LSPR) of
gold nanoparticles to determine HER in human serum. AuNPs were decorated
with negatively charged citrate ions, yielding enhanced direct-surface interaction
with HER antibodies. The AuNPs are mixed with silver nanoparticles (AgNPs) in
an optimized ratio to increase selectivity and sensitivity further. AuNPs detect the
HER antibodies using LSPR, whereas AgNPs help monitor interferences’ effect
on the sensing media. The three effective factors in HER sensing, including the nanoparticle ratio, temperature, and pH were
optimized via response surface methodology (RSM) based on the central composite design (CCD). The sensor’s response toward
HER was achieved in the linear range of 0.5 × 10−7 to 40 × 10−7 M with the detection limit of 3.7 × 10−9 M and relative standard
deviation (RSD) less than 5%. The selectivity of the LSPR sensor was assessed by monitoring its response toward HER in the
presence of other biological molecules with similar physicochemical properties. Rapid response time (less than 1 min), selectivity,
and the simplicity of the developed LSPR-based sensor are the key advantages of the developed sensor.

KEYWORDS: localized surface plasmon resonance (LSPR), gold nanoparticles (AuNPs), silver nanoparticles (AgNPs),
Herceptin detection, nanobiosensor, breast cancer

■ INTRODUCTION

Cancer-related antigen−antibody interactions are frequently
used in diagnosis, treatment, and determination of prognosis of
cancers in clinical trials. It has been well appointed that HER2,
a monoclonal antibody that binds to the extracellular domain
(ECD) of the HER2/neu receptor, exhibits considerable
expression in breast cancers (BC), serving as a potential
biomarker and a detecting agent in therapeutic and prognostic
case studies.1−7 Human BC that has an overexpressed level of
HER2 protein is mentioned as HER2-positive BC. HER2-
positive BC commonly develops and spreads more rapidly than
other BCs, and its metastatic forms are incurable, and new
treatment methods are desired. The higher HER2 is expressed,
the lower is the survival chance and the higher is the possibility
of metastases. Thus, demand has increased for improvements
in cancer biomarker screening and detection. The American
Society of Clinical Oncology (ASCO)/College of American
Pathologists (CAP) published the guidelines on HER2
clarification to offer defined instructions for precise determi-
nation of HER2 levels in BC.5,8,9 Up to now, various analysis
platforms have been documented for the rapid detection of BC
biomarkers such as immunohistochemistry (IHC),3 fluores-

cence in situ hybridization (FISH),9 and chromogenic in situ
hybridization (CISH)9 like silver in situ hybridization (SISH),9

which are regarded as standard methods in clinical study and
some other biochemical-based analysis including enzyme-
linked immunosorbent assay (ELISA),10 optofluidic ring
resonator (OFRR),11 ring resonator sensor and surface
acoustic wave (SAW), electrochemical (EC),2,12,13 surface-
enhanced Raman scattering (SERS),14 fluorescence,1,15−18 and
colorimetric analysis.19 However, some of these methods are
based on multipart manufacturing procedures, limiting their
usage due to expensive equipment15 and high methodological
expertise.3,10,15 Regardless of the mentioned analysis methods,
it should be noted that early and adjusted anticancer therapies
with greater effectiveness of BC are just as crucial as its early
recognition. The detection of BC and medical intervention
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before the metastatic stage could promote the survival chance
and improve the quality of patient life. The innovation of
monoclonal antibodies against the ECD of the HER2 protein
was considered a fundamental step forward in anti-BC
therapies. Trastuzumab [Herceptin(HER)] was the initial
humanized monoclonal antibody introduced by the Food and
Drug Administration (FDA) of the USA in 1998 and the
European Medicines Agency (EMA) 2 years later for the
treatment of not only in early-stage but also in metastatic
HER2 overexpressing BC. Some procedures have the key aims
to recognize programs involving the management of
trastuzumab loading doses on uninterrupted days to cause
therapeutic concentration levels during a shorter time.8,20

Consequently, monitoring and screening this drug in body
fluids have gained significant attraction. In this field, localized
surface plasmon resonance (LSPR)-based analysis methods are
fast and straightforward. Indeed, the advent and commercial-
ization of these plasmonic sensing platforms are recently
beginning to expand under their improved reproducibility and
unique optical features, which may compensate for the
shortcomings of other methods. In addition, the integration
of plasmonic biosensors with the upcoming equipment
technologies will help improve the healthcare outcome.21

Over the recent decades, applications of different plasmonic
nanomaterials like gold,22−27 silver,11,28−30 and platinum31,32 in
BC clinical diagnostic methodologies and therapy have been
reported in several studies, which can result in forming the idea
that the innovation of plasmonic nanobiosensors merges the
advantages of optical biosensing with nanotechnology, thereby
creating a new type of low cost and ultrasensitive diagnostics.24

It is generally accepted that these novel plasmonic nano-
biosensors are able to fulfill the shortcomings of the
conventional detection techniques.21

The valuable characteristics of AuNPs, such as their
simplicity of synthesis and various surface functionalization
mechanisms indicating why gold nanoparticles, are an
attractive candidate for further improvement in the clinical
diagnosis method, which is thoroughly described in a review
article by Gambhir.33 AuNP-based nanobiosensors are
developed as substitutes and facile tools for improving highly
sensitive biosensors because of their proper conjugation
procedure and superior optical and electrical features.25,34−37

Also, the LSPR-based technique receives promoting interest
because of its wide applications in catalysis, phototherapy, and
cellular imaging.38−40 In these tools, when AuNPs with
particular decorating groups identify their targets, the
interaction between both molecules causes a local deviation
in the refractive index at the metal surface, which can be
screened by spectrometric analysis.
Real-time monitoring, high selectivity, and sensitivity are

some distinct advantages of LSPR-based sensing methods,
allowing us to develop an affordable, easy-to-use nano-
biosensor for HER detection based on AuNPs. To screen
unwanted interferences, a mixture of AuNPs and AgNPs in an
appropriate volume ratio was selected as a sensing component,
given that the distinct LSPR spectra of the two nanoparticles
are in the visible region. The presence of AgNPs in the sensing
solution would be beneficial as the observer species to take
advantage of the ratiometric sensing platform. Spectral analysis
revealed no noticeable change in the LSPR intensity and the
position of AgNPs toward the addition of different
concentrations of HER, so the AgNPs intensity variation is
considered constant in each test. Also, it makes it possible to

differentiate the HER-specific interactions with AuNPs. The
ratio between the changes in the intensity of AuNPs spectra
(ΔIAuNPs) and the constant absorbance of AgNPs (IAgNPs),
(ΔIAuNPs)/(IAgNPs), showed a correlation with the concen-
tration of HER in both simulated and real samples. The outer
layer of both nanoparticles is decorated by negatively charged
citrate ions, promoting their interaction with the amine group
of HER molecules via electrostatic interactions. In addition,
the optimization of this interaction is done via monitoring the
effect of three parameters of pH, temperature, and the AuNPs/
AgNP volume ratio. Following the optimization of the
biosensing parameters, the optimum values are adopted for
further biosensing experiment, including the calibration plot of
the nanobiosensor and real-sample trials. The procedure
involved in this sensing is simple, cost-effective, and rapid,
with no need for a skilled person or complex pieces of
equipment.

■ MATERIALS AND METHODS
Materials. Trastuzumab (HER) was obtained from Aryogen Co.

Gold(III) chloride trihydrate, trisodium citrate dihydrate, bovine
serum albumin (BSA), silver nitrate, L-cysteine, ascorbic acid, L-
arginine, glucose (C6H12O6), and sodium chloride (NaCl) were
purchased from Sigma-Aldrich. Human serum samples were obtained
from the Tehran Heart Center laboratory (Tehran, Iran). In all
experiments, ultrapure deionized (DI) water was used.

Instrumentation. Ultraviolet−visible (UV−vis) spectra were
documented via a PG Instrument T80+ dual-beam UV/vis
spectrophotometer in a detecting range of 350−700 nm with a
wavelength accuracy of 1 nm. All sensing procedures were performed
in an adapted 1.00 cm glass cuvette. Transmission electron
microscopy (TEM) images were taken using a Philips-208S
transmission electron microscope working under 100 kV voltages. A
Horiba Scientific instrument performed the dynamic light scattering
(DLS) analysis at a scattering angle of 90 in the monodispersed form.
Zeta-potential tests were performed using Horiba Scientific tools at an
electrode voltage of 3.8 V. The pH value was adjusted via a Mettler
Toledo Co. pH meter.

Synthesis of Nanomaterials. Citrate capped-AuNPs were
synthesized according to the previous literature.36 To prepare citrate
capped-AgNPs, 50 mL of 1 × 10−3 M AgNO3 was heated to the
boiling point. To the above solution, 5 mL of 58.7 mg trisodium
citrate dihydrate solution was added dropwise and stirred vigorously.
The solution was heated until the color became bright yellow, which
proved the formation of nanoparticles. Then, it was removed from the
heater and stirred until cooled to room temperature. Both NPs were
purified using nanofilter paper to remove excess reagents. AuNPS and
AgNPs were characterized via transmission electron microscopy
(TEM), DLS, zeta potential, and UV−vis spectroscopy.

Fabrication of the Nanobiosensor. Following the production
and filtration of AgNPs and AuNPs, a specific ratio of AuNPs and
AgNPs was mixed and shaken gently. Afterward, the pH of the
mixture was adjusted to 9 by adding 0.1 M KOH solution (prepared
in DI water), and the resulting colloidal solution was stored at 4 °C.
For the sensing procedure, 1.5 mL of the above solution was mixed
with various concentrations of HER, followed by monitoring the
changes in the LSPR of plasmonic nanostructures.

■ RESULT AND DISCUSSION

Ratiometric LSPR-Based Detection of HER by AuNPs
and AgNPs. Different shapes of plasmonic nanostructures
(e.g., AuNPs and AgNPs) have been widely used to identify
different biomolecules, especially for BC biomarker detec-
tion.41−45 The synthesized spherical AuNPs have been
decorated with the negative citrate groups, making them
available to interact with positively charged components. We
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have added citrate-capped AgNPs to our sensing probe to
increase the selectivity. The citrate selection as the capping
agent is made based on the fact that citrate has different
coordinations on AuNPs and AgNPs nanoparticles previously
investigated by Fourier transform infrared (FT-IR) spectros-
copy and molecular orbital (MO) calculations.46,47 AuNPs and
AgNPs are found to have entirely dissimilar interactions with
carboxylate anchoring groups, and the citrate ions have ionic

and unidentate coordination, respectively. Consequently, more
negative charges on the AuNPs can interact with trastuzumab.
Up to now, some reference methods and research articles on
trastuzumab detection have been verified and published.
At the moment, the enzyme-linked immunosorbent assay

(ELISA) is a commonly used analytical biochemistry assay for
detection biomolecules; thus, a lot of research groups
promoted and modified the ELISA for specific recognition of

Figure 1. TEM images of AuNPs (a), AgNPs (b), and a mixture [AuNPs (red), AgNPs (yellow), HER (blue)] after the addition of HER (c).

Figure 2. DLS analysis of, (a) AuNPs before and after addition of HER and (b) AgNPs after addition of HER. Zeta potential analysis of (c) AgNPs
before and after addition of HER and (d) AuNPs before and after addition of HER.
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HER. In a recent work, a robust and rapid ELISA method for
HER quantification n in human serum is suggested. Their
technique is based on an antigen peptide, mimicking the
portion of the HER2 receptor that interacted with HER, linked
to a 96-well plate using the streptavidin/biotin system. The
noted method has a detection range, between 10 and 180 μg/
mL in serum. The selectivity of their sensing methodology was
evaluated in the presence of bevacizumab and denosumab, two
monoclonal antibodies that can be used in the BC treatment,
and no cross-reactivity was observed.48 In another similar
assay, a group describes the development and validation of a
cell-based ELISA to measure HER in human serum. The assay
measures the interaction between HER and HER2 and has a
dynamic range between 10 and 120 μg/mL.49 These methods
are comparable in terms of the detecting range with our
plasmonic assay. The detection range of these ELISA tests is
approximately 10−6 M, which is one order of magnitude greater
than the assay described in this article (10−7 M). This result
could be expected because any minor changes in the
surrounding media can be detected by plasmonic nano-
particles.
Based on the two research mentioned above, it can be

concluded that ELISA-based methods have several advantages,
such as high specificity and reproducibility of quantitation. At
the same time, ELISA performances mainly rely on antibody
quality, specificity, and kit manufacturer, making them an
expensive method, while our inexpensive assay has a linear
range comparable to the noted ELISA method. Also, in the
selectivity study, our sensor performance was tested in the
presence of different components like ascorbic acid, cysteine,
arginine, glucose, vitamin B, BSA, and phosphate buffer saline
(PBS) with the concentration 10 times more than that of HER.
In the next step, some drugs such as mercaptopurine (6-MP),
carboplatin, and 4-substituted-2, 5-dimethoxyamphetamines
(DOX) were selected, and their effects on the sensing system
were studied. However, in the reported ELISA tests, some
limited interferences are studied.
Characterization of Materials. The morphology of the

obtained nanoparticles was investigated via TEM. As illustrated
in Figures 1 and S1, spherical AuNPs were monodispersed
with an average diameter of 14.8 nm, and the FT-IR analysis
confirmed the presence of negatively charged citrate ions. In
addition, the average diameter of spherical AgNPs was
obtained as 50 nm. It was observed that in the presence of
HER in the mixture of both NPS, the AuNPs were surrounded
by HER more than AgNPs. The DLS results (Figure 2a,b)
show that the size of AuNPs is approximately 14.8 nm. In
contrast, after the addition of HER, the size of NPs in the
solution changes to 162.5 and 802 nm for AgNPs and AuNPs,
respectively, which is an indicator of the amount of aggregation
in both samples. The surface charge of the nanoparticles was
characterized with zeta potential. As shown in Figure 2c,d,
AgNPs and AuNPs presented a sharp and intense peak of
approximately −57.3 and − 50.5 mV, respectively. Further-
more, the zeta analysis illustrated the presence of negatively
charged citrate ions on both nanoparticles. It was observed that
after the addition of HER to AgNPs and AuNPs in DI water
solution, the zeta potential peak shifted to −18.4 and − 5.6
mV, respectively, which confirmed the electrostatic interaction
of HER with the NPs. The XRD pattern of the synthesized
AuNPs (Figure S2) showed clear peaks of cubic phases at
38.12 (111), 44.88 (200), 64.24 (220), and 77.24 (311), which
confirmed the crystalline nature of AuNPs.

Sensing Mechanism of HER. Trastuzumab (HER), which
is specifically used to treat cancers that are HER2 receptor-
positive, was selected as the target. This spectrophotometric
nanobiosensor consists of a signal part and a capturing part.
The signal unit is a mixture of AuNPs and AgNPs decorated
with the capturing groups of citrate ions, capable of interacting
with the HER molecules in the sample. The sensing procedure
of the proposed optical nanobiosensor is illustrated in Figure
3a. In the first step, after the synthesis of citrate-capped AuNPs
and AgNPs, a specific amount of both nanoparticles is mixed
and adjusted to the desired pH. It should be noted that the
sensing structure (AuNPs and AgNPs) contains negatively
charged citrate ions, which provide a selective affinity toward
the HER molecules via the positively charged functional amine
group of Fc and the Fab region of HER. This ionic adsorption
of antibodies on the nanoparticles’ surface is favorable for the
hydrophobic interactions between the hydrophobic pockets of
the HER and gold. In other words, as a result of the noted
ionic interaction, the HER comes close enough to AuNPs, and
the hydrophobic pockets of the protein will make contact and
bind with gold. These interactions are responsible for the
changes in the surrounding medium of the NPs and
consequently the changes in the LSPR spectra of both NPs.
Based on the spectrometric studies, the variation in the

LSPR spectrum of AgNPs is negligible. However, the
interactions of amine with AuNPs cause a spectral shift and
intensity enhancement in the LSPR spectra. These changes
showed a linear relationship with the HER concentration.
Noteworthy, the color of the Ag/Au NP probe is light red, and
when HER is added to this probe, the color of the mixture has
no change, while the absorption intensity increases at ∼520
nm. In fact, by the addition of HER in the system, the probe-
target interactions begin, so the distance between nanoparticles
and the target is reduced, and consequently, aggregation
occurs. Because the variation in absorption at ∼520 nm
indicates the interactions of HER molecules with the AuNPs,
the absorbance at ∼425 nm describes other interferences
during sensing. The absorbance ratio of (IAuNPs/IAgNPs) =
(A520/A425) can express the quantity of HER molecules.
Hence, the greater A520/A425 means higher HER concen-
trations in the sample.

Comparison of Sensing Responses between AgNPs
and AuNPs. In this part, the interaction of HER molecules
with AgNPs and AuNPs was compared. Corresponding visible
spectra of both nanoparticles are shown in Figure 3b,c, which
demonstrates the AgNPs’ peak’s intensity variation at 420 nm
before and after the addition of HER. In this case, the peak
intensity is constant after the addition of HER, but as shown in
Figure 3b,c, the AuNP LSPR spectra at 520 nm increased and
shifted.

Optimization and Statistical Analysis for HER
Detection. Response surface methodology was used to
optimize the effect of pH, temperature, and the nanoparticles
ratio on the HER detection via Design Expert 11 software
using the quadratic model under central composite design
(CCD). The range of each parameter is selected based on our
preliminary experiments. Twenty randomized tests in two
blocks were performed, and the response of each test (IAuNPs/
IAgNPs or A520/A425) is reported in the response column (Tables
S1 and S2 in the Supporting Information). The predicted R2

value of 0.778 and the adjusted R2 of 0.922 confirm the
model’s adequacy (the difference is less than 0.2). The
obtained value for the adequate precision was 14.086, which is
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greater than four, indicating an adequate signal (Table 1).
Based on the result obtained from the analysis of variance
(ANOVA), the amounts of the F-value (24.71) and the low p-
value (< 0.0001) confirmed the significance of the model. Lack
of fit (LOF) values shows the variation of data around the
fitted model. If the selected model fit the analysis data well, this
factor will be insignificant.

The lack of fit of the model was obtained to be 0.076, which
is larger than the 0.05 critical value, indicating that the
developed model is significant. Figure 4 shows the interaction
between the independent variables on the response value in a
surface plot. In all surface plots, one factor was kept constant
while the two other factors were varied within the selected
experimental ranges. It can be seen that the sensors’ response
decreased as the pH of the solution reached values more than
9. This behavioral pattern can be understood considering that
the antibody isoelectric point (pI) is near pH = 8.5. One
important characteristic of monoclonal antibodies (HER in
this study) is pI, which is basically the pH at which the
antibody has no net electrical charge, and its value is related to
the charged amino acids the antibody contains. If the pH of the
surrounding environment becomes lower than the antibody’s
pI, the molecule carries a net positive charge, whereas the
antibody will have a net negative charge when the pH is above
the pI. The response surface plots show a significant
enhancement in the result via increasing the NP ratio until
0.6. As the ratio increases, more NPs can interact with HER
while more than 0.6, the self-interaction between NPs can
occur and may prevent the interaction between NPs and HER.
For this reason, the ratio value was determined to be 0.6 for
further sensing. Variations in temperature have a minor effect
on the sensing result, so the optimum value in the response
surface diagram is selected for this parameter. Briefly, based on
the numerical results of design, the optimized value for pH,
temperature, and ratio, with 0.999 desirability is 7.6, 41 °C,
and 0.59, respectively, which are selected for all tests. From the
optimization value of parameters in response surface diagrams
(Figures S3 and S4 in the Supporting Information), it can be
mentioned that each factor not only has a significant effect on
sensing response but also affects the effect of other factors. In
other words, each factor is involved in multiple interactions.

Selectivity and Repeatability Analysis of the Sensing
Process. To explore the selectivity of the nanobiosensing
method, ascorbic acid, cysteine, arginine, glucose, vitamin B,
BSA, and PBS with the concentration ten times more than that
of HER2 were selected as interfering agents. In the next step,
some drugs such as 6-MP, carboplatin, and DOX, which have
similar structures to trastuzumab, were selected, and their
effects (in their original concentration) on the sensing system
were studied. As shown in Figures 5 and S5, the sensing signals
of cysteine, PBS, 6-MP, DOX, carboplatin, and vitamin B did
not reveal a considerable increase compared with that of the
HER. By contrast, when the solutions of arginine, ascorbic
acid, glucose, and BSA were investigated, the sensing intensity
of the nanobiosensor presented a reduced intensity in contrast
with that observed after the addition of HER, which point out
that the interfering molecules had negligible influence on the
sensing response to HER. The repeatability of the sensor is
studied by comparing the result of sensing in 7 days (Figure 6).
All experimental factors like pH, temperature, and ratio were
the same during 7 days. The RSD results were less than 5%.

Measurement of the Sensing Performance. To
estimate the analytical performance of the reported nano-

Figure 3. Nanobiosensing mechanism of the developed sensor. Panel
(a) shows the LSPR spectra of AuNPs/AgNPs (ratio = 0.6) before
() and after (---) the injection of HER. Comparing the LSPR
spectra of AgNPs (b) and AuNPs (c) before () and after (----) the
addition of HER.

Table 1. Statistics Data of 20 Runs

std. dev. 0.1965 R2 0.9611

mean −4.13 adjusted R2 0.9222
CV % 4.75 predicted R2 0.7778

adeq precision 14.0861
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biosensor, a wide range of HER concentrations was injected
into sensing media, and the resulting variation (AAuNPs/AAgNPs)
was measured at optimum conditions. The obtained results are

shown in Figure 7. Each point in the calibration curve is the
mean value of three independent tests. The limit of detection
(LOD) was calculated based on 3Sb/m (Sb = signal of blank
sample, m slope of the calibration curve). Using this method, a
linear range of 0.5× 10−7 to 40 × 10 −7 M and an LOD of 3.7

Figure 4. Response surface of two parameters.

Figure 5. Selectivity of the reported sensor in the presence of other
various molecules at a tenfold concentration.

Figure 6. Repeatability of the reported sensor in 7 days.
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× 10−9 M with a total time assay of 1 min were obtained
(Figure S6 of the Supporting Information).
Detection of HER in Human Serum and Fetal Bovine

Serum. Detection capabilities of the LSPR-based probe were
tested using human serum and fetal bovine serum. As shown in
Table 2, certain amounts of HER were spiked in human serum

(with no dilution with DI) and shook entirely and added to the
mixtures of nanoparticles in 0.6 ratios. The obtained
calibration curve in serum after one day and 5 days is
illustrated in Figures S8 and S9 (in the Supporting
Information). When the mixture of human serum, HER, and
nanoparticles was stored for 8 days, the nanoparticles settle at
the end of microtubes, and the LSPR spectra of solution are
decreased with a linear relation in some concentrations. Their

corresponding intensities are shown in Table 3. In the next
step, the calibration curve in fetal bovine serum via the
standard addition method was plotted (Figure S10). The linear
range and the slope of the calibration curve in both human
serum and fetal bovine serum are approximately similar.

■ CONCLUSIONS

Determination of HER in biological samples is critical for an
efficient diagnosis and screening of HER2-positive breast
cancer. The mixture of AuNPs and AgNPs as the sensing
reagent can detect HER molecules with an assay time of 1 min
via a one-step procedure. The optimization of effective
parameters was mathematically measured via CCD under
RSM. The linear response range is between 0.5× 10−7 and 40
× 10−7 M, and the detection limit is 3.7 × 10−9 M. The
applicability of the sensor was tested in a human serum sample,
and the selectivity was confirmed through the analysis of other
possible serum interferences. It is worth noting that the
amount of human serum and fetal bovine serum sample
required to detect the HER for this homogenous assay is about
37.5 μL. The nanobioassay was verified to be a fast,
inexpensive, reliable, and simple analytical tool for quantifying
tumor markers in human serum.
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Figure 7. Calibration curve at low (a) and high (b) concentrations.

Table 2. Detection Capabilities of the LSPR-Based Sensor

sample
added (10−8

M)
found (10−8

M)
recovery
(%)

average RSD
(%)

deionized water
(low
concentration)

1.28 1.21 94.53 3.27
1.96 2.06 105.10 2.80
2.64 2.51 95.07 2.11

(high
concentration)

5.50 5.24 95.27 3.49
11.00 11.55 105.00 3.12
41.00 39.66 96.73 2.75
6.80 7.18 105.58 1.57

human serum 85.00 87.05 102.41 3.27
170.00 164.57 96.80 4.71
8.50 8.62 101.41 2.53

fetal bovine
serum

68.00 68.34 100.50 2.37
85.00 88.69 104.34 1.55

Table 3. Comparison of the Reported Assay with Other Studies

sensing material linear range or the LOD detection method refs

core/shell streptavidin-modified CdSe@ZnS quantum dots 0.50−50 ng/mL electrochemical 12
lead sulfide quantum dot-conjugated secondary HER2 antibody 1−100 ng/mL electrochemical 50
gold-coated optical fibers 6.6 × 10−7 g/mL surface plasmon resonance 51
CuO nanoparticles 25 pg./mL to 5 ng/mL fluorescence ELISA 52
tetrahedral DNA nanostructures (TDNs) 0.1 to 100.0 ng/mL−1 electrochemical 53
aptamer/AuNP 10 nM colorimetric 54
nanocomplex 24 nM lateral flow assay
AuNPs/AgNPs 3.7 × 10−9 M surface plasmon resonance present assay
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