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ABSTRACT: The hormone estradiol (17f-estradiol, E2) plays an =
important role in sexual development and serves as an important
diagnostic biomarker of various clinical conditions. Particularly, the
serum E2 concentration is very low (<10 pg/mL) in prepubertal girls.
Accordingly, many efforts to develop a sensitive method of detection and
quantification of E2 in human serum have been made. Nonetheless,
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current clinical detection methods are insufficient for accurate \ !
assessment of E2 at low concentrations (<10 pg/mL). Thus, there is i *innibited.
an urgent need for new technologies with efficient and sensitive ‘ Scattering \ ’

detection of E2 for use in routine clinical diagnostics. In this study, we

introduce a new E2 assay technique using a surface-enhanced Raman scattering (SERS)-based detection method. The SERS-
based assay was performed with 30 blood samples to assess its clinical feasibility, and the results were compared with data
obtained using the ARCHITECT chemiluminescence immunoassay. Whereas the commercial assay system was unable to
quantify serum levels of E2 lower than 10 pg/mL, the limit of detection of E2 using the novel SERS-based assay described in this
study was 0.65 pg/mL. Thus, the proposed SERS-based assay has a strong potential to be a valuable tool in the early diagnosis of

precocious puberty due to its excellent analytical sensitivity.
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1. INTRODUCTION

The hormone estradiol (17f-estradiol, E2) is a natural estrogen
excreted by human and domestic animals and is produced
primarily within the female ovaries or in the male testes.' > E2
plays a vital role in various physiological processes, with a
particular impact on reproductive and sexual function. In
addition, E2 quantification is an indicator of a person’s sexual
maturation status and also helps doctors diagnose diseases
associated with sex hormone imbalances.*” Increased E2
production is largely responsible for breast development,
genital growth, and changes in the distribution of body fat in
pubescent girls. Thus, sensitive and specific assays for E2 are
needed to track pubertal development and to better define the
ranges of normal levels across childhood. The E2 concentration
in serum is very low (<10 pg/mL) in prepubertal girls.”"
However, because of the absence of sensitive assays that can
accurately quantify E2 at concentrations less than 10 pg/mL,
many issues related to the role of E2 in pubertal development
and growth remain unanswered. Thus, there is an urgent need
to develop a highly sensitive method for the detection of E2 in
human serum, especially in prepubertal children.

Many efforts have been employed to develop a sensitive
detection method for the estimation of E2 in human serum
including high-performance liquid chromatography—mass spec-
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troscopy (HPLC-MS),”™"! chemiluminescence immunoassay, >
radioimmunoassay (RIA)," and enzyme-linked immunosorb-
ent assay (ELISA).'"»" Although mass spectrometry has a
lower limit of detection of ~10 pg/mL, it is associated with
several analytical disadvantages such as long sample preparation
steps and expensive instrumentation. For these reasons, mass
spectrometry is not suitable for routine clinical applications.
RIA allows for rapid, sensitive, and inexpensive screening of a
large number of clinical samples, but the use of radioisotopes
and scintillation fluids restricts its application for practical
detection of E2 in human serum. Likewise, while ELISA has
been widely used to screen E2, and various ELISA kits have
been commercialized for quantitative identification of E2 in
human serum, this approach does not meet the requirements
for accurate assessment of E2 at low concentrations (<10 pg/
mL). In ELISA assays, quantification of target molecule is
achieved through observing enzyme-mediated color changes.
However, discernible color change of antigen cannot be
induced at low concentrations of target molecules, and the
microplate reader fails to distinguish the color change. Because
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of this detection limit, ELISA alone cannot suffice as an
effective technique for sensitive detection of E2. Thus, there is
an urgent need for new technologies that can achieve efficient
and sensitive detection of E2 for use in routine clinical
diagnostics.

Recently, surface-enhanced Raman scattering (SERS)-based
immunoassay using functional nanomaterials has garnered
much attention due to its high sensitivity.'”'” To date, various
kinds of biomarker proteins,'® ** viruses,”” >* and bacte-
ria”®™*? have been successfully investigated using SERS-based
assays. We believe that this SERS-based assay technique has a
strong potential as a new emerging technology for the highly
sensitive detection of E2. When reporter molecules are
adsorbed onto the nanoparticle surface, their Raman signals
are greatly increased at SERS-active sites well-known as “hot
spots” due to electromagnetic and chemical enhancement
effects. This enhancement has shown promises in overcoming
low sensitivity problems inherent in E2 detection via ELISA.
Furthermore, SERS-based immunoassays do not require any
extraction or chromatography steps, amenable to the possibility
of automated assay systems because the optical detection
principle is similar to that of currently available fluorescence or
luminescence immunoassay systems used in clinical laboratory
settings. In addition, SERS-based immunoassays have the
capability to meet the requirement for a low detection level (<1
pg/mL) of E2, an essential requirement for the diagnosis of
precocious puberty. At present, the lowest detection level of E2
that can be measured with a commercially available
chemiluminescence instrument is estimated to be >10 pg/
ml 303!

In the case of target antigen markers, the sandwich
immunoassay platform has become popular for SERS-based
immunoassays. Because the size of a protein molecule is
relatively very large, it has multiple binding epitopes. In SERS-
based sandwich immunoassays, capture antibodies are immo-
bilized on the surfaces of magnetic beads, and detection
antibodies are immobilized on the surface of SERS nanotags.
Consequently, the protein antigen is sandwiched between the
two antibodies, and the amount is quantified by monitoring the
characteristic Raman peak intensity of SERS nanotags.”” "
However, the small molecular size of E2 limits its binding
epitope site. In the present work, therefore, we developed a
SERS-based competitive immunoassay for highly sensitive E2
detection in clinical serum. To date, several SERS-based
competitive immunoassay results also have been reported.”> ™’
To the best of our knowledge, however, this is the first report of
a competitive SERS-based E2 immunoassay of clinical serum.
We believe that this approach will provide new insights into the
early diagnosis of precocious puberty.

2. EXPERIMENTAL SECTION

2.1. Materials. Gold(III) chloride trihydrate (HAuCl,:3H,0), 17
p-estradiol (E2), thiol-poly(ethylene glycol)-COOH (HS-PEG-
COOH, MW = 3500), and poly(ethylene glycol) methyl ether thiol
(HS-PEG, MW = 2000) were purchased from Sigma-Aldrich
(Missouri, U.S.A.). Malachite green isothiocyanate (MGITC),
phosphate-buffered saline (PBS) (10X , pH 7.4), and carboxylic-
activated magnetic beads (Dynabeads MyOne) were purchased from
Invitrogen (Oregon, U.S.A.). Mouse antiestradiol monoclonal anti-
body (1 mg/mL) and goat antimouse IgG (2 mg/mL) were purchased
from Abcam (Cambridge, U.K.). Estradiol-ovalbumin conjugate (E2-
OVA) was purchased from Cusabio (Wuhan, China). Steroid-free
human serum was purchased from Fitzgerald (Massachusetts, U.S.A.).
The ultrapure water (18 MQ-cm™) used in this work was prepared by

a Milli-Q water purification system (Massachusetts, U.S.A.). All other
reagents were from commercial sources, were of analytical reagent
grade, and were used without further purification.

2.2. Preparation of SERS nanotags. Gold nanoparticles (Au
NPs) were prepared using the citrate reduction method reported by
Frens.*® Briefly, SO mL of HAuCl, (0.01% by weight) was heated to
boiling, after which 0.5 mL of freshly prepared trisodium citrate
solution (1% by weight) was added with vigorous stirring. Within a
few seconds, the solution changed from colorless to deep red. The
mixture was boiled for 15 min. Finally, the solution was cooled to
room temperature with continuous stirring. The sizes of gold
nanoparticles were characterized with dynamic light scattering
(DLS) data and high-magnification transmission electron microscopy
(TEM) images (Figure S1). According to our statistical analysis of
TEM images and DLS data, the diameter of Au NPs is estimated to be
36.7 £ 5.5 nm.

SERS nanotags were prepared as described previously. Briefly,
Raman reporter MGITC solution (0.5 L, 107* M) was added to 1.0
mL Au NPs (36.7 nm, 0.16 nM). Here, the concentration of Au NPs
was calculated from the mean particle diameter (36.7 nm) and the
weight of HAuCl, used in the preparation. Antibody conjugation was
induced by the addition of heterofunctional linker HS-PEG-COOH
into the solution. After shaking for 10 min, the HS-PEG-COOH (60
uL, 10 uM) was added dropwise to 1.0 mL of Au-MGITC solution
with vigorous stirring. After 30 min of continuous stirring, the HS-
PEG (120 L, 10 uM) solution was added to the PEGylated Au-
MGITC solution and reacted for 3 h. Subsequently, the PEGylated Au
NPs were centrifuged to remove unbound PEG molecules (7200 rpm,
which corresponds to 4810g force, 10 min) and then resuspended in
PBS (10 mM, pH 7.2).

To activate the —COOH groups on the surfaces of Au NPs, 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) (5 uL, 25 mM) and
N-hydroxysulfosuccinimide (NHS) (5 uL, 25 mM) were mixed
vigorously at 25 °C for 15 min. Excess EDC and NHS were then
separated from the activated Au NPs through three rounds of
centrifugation (7200 rpm, 10 min) and resuspended in PBS (10 mM,
pH 7.2). The PEGylated Au NPs with activated carboxyl groups were
then reacted with E2-OVA (2 yL, 1 mg/mL) at 25 °C for 2 h, and the
reaction mixture was stored at 4 °C overnight. Excess E2-OVA was
removed through three rounds of centrifugation (7200 rpm, 10 min)
and resuspended in PBS (10 mM, pH 7.4). Figure S2 shows the (a)
UV/vis spectra, (b) DLS distributions, and (c) SERS spectra of Au
NPs with SERS nanotags.

2.3. Preparation of antibody-conjugated magnetic beads.
To prepare the antibody-conjugated magnetic beads, 0.5 mL of 0.5
mg/mL carboxylic group-functionalized magnetic beads (MBs-
COOH) were washed twice with 10 mM PBS (pH 7.2) and
resuspended in PBS (10 mM, pH 7.2). The surfaces of the MBs were
activated through incubation with EDC (5 uL, 0.1 M) and NHS (S uL,
0.1 M) in an incubator shaker (500 rpm) at room temperature. Next,
the MBs were separated by a magnet and washed twice with 10 mM
PBS (pH 7.2). Then, the MBs were resuspended in 0.5 mL of 10 mM
PBS (pH 7.2) and reacted with 2.5 uL of goat antimouse antibody (2
mg/ mL) for ~2 h with continuous shaking at room temperature. The
immunomagnetic beads were then washed with PBS to remove
nonspecifically bound antibodies and stored in 10 mM PBS (pH 7.4)
at 4 °C.

2.4. Instrumentation. Raman measurements were obtained using
a Renishaw inVia Raman microscope system (Renishaw, UK.). A
spectra physics He—Ne laser, operating at 4 = 632.8 nm, was used as
the excitation source, with a power of ~20 mW. The Rayleigh line was
removed from the collected Raman scattering using a holographic
notch filter located in the collection path. Raman scattering was
collected using a charge-coupled device (CCD) camera. All spectra
were calibrated to the 520 cm™ silicon line. An additional CCD
camera was fitted to an optical microscope to obtain optical images. A
20X objective lens was used to focus a laser spot on the glass tube. All
of the Raman spectra reported in this study were collected using a 1's
exposure time in the range of 630—1730 cm™". Baseline correction of
Raman spectra was performed using software (WiRE 4.0, Renishaw,
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U.K.). Polynomial algorithm (polynomial order = 11) was used to all
points in each spectrum, and the baseline has been corrected as zero.
Quantitative analysis of E2 was performed by calculating the spectral
Raman peak intensity of MGITC at 1613 cm™ to obtain their relative
intensity values. A Cary 100 spectrometer was used to acquire UV/vis
absorption spectra. DLS data were obtained using a Nano-ZS90
(Malvern), and TEM images were acquired using a JEOL JEM 2100F
instrument at an accelerating voltage of 200 kV.

2.5. Assays of clinical serum samples. To assess the analytical
reliability and clinical applicability of our proposed assay method, we
carried out immunoassays on clinical samples. This clinical study was
approved by the Institutional Review Board at EOne. A total of 30
blood samples from patients experiencing precocious puberty were
collected from the EOne Clinical Laboratory, and all serum samples
were stored at —80 °C until analyzed. Specifically, the clinical samples
comprised 30 children (28 females and 2 males; age distribution 7—
15) diagnosed with precocious puberty. The E2 level for each of the 30
clinical samples was determined using the SERS immunoassay
protocol. In addition, each sample was assayed using a chemilumi-
nescence assay system (ARCHITECT, Abbott Laboratories, U.S.A.)
available in the EOne clinical laboratory. The assay procedures for the
chemiluminescence assay were conducted according to the manu-
facturer’s recommendations. Finally, the SERS results were compared
with those measured with the chemiluminescence assay method.

2.6. Statistical analysis of immunoassay results. Passing-
Boblok and Bland-Altman regression analyses*"** were carried out for
all clinical data. Statistical analyses were used to estimate the analytical
agreement and possible systematic bias between the two different
methods. All statistical analyses were performed using MedCalc
(Ostend, Belgium).

3. RESULTS AND DISCUSSION

3.1. E2 assay protocols using SERS-based detection.
Figure 1 illustrates the SERS-based competitive immunoassay
procedure for the quantification of E2. First, goat antimouse
antibodies (secondary antibodies) are immobilized on the
surfaces of magnetic beads (Figure 1a). Second, mouse anti-E2
monoclonal antibodies (primary antibodies) bind to secondary
antibodies through an antibody—antibody interaction (Figure
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Figure 1. Schematic illustration of the SERS-based competitive
immunoassay for quantification of E2. (a) Secondary antibody
immobilization; (b) primary antibody immobilization by the anti-
body—antibody interaction; (c) target E2 and E2-conjugated SERS
nanotags competitively react with anti-E2 antibody on magnetic beads.

1b). When free target E2 and E2-OVA-conjugated SERS
nanotags are mixed with magnetic beads, they react
competitively with anti-E2 antibodies on the surfaces of the
magnetic beads. After the formation of immunocomplexes,
their Raman signals can be measured and analyzed for E2
quantification (Figure 1c). In this assay, the observed Raman
signal intensity decreased with increasing level of E2 in
solution.

Figure 2 shows a schematic of the procedure for the SERS-
based competitive immunoassay using Au NPs and magnetic
beads. Here, the Au NPs and magnetic beads were employed as
SERS nanotags and separation agents, respectively. First, 25 yL
of secondary antibody-conjugated magnetic beads and 25 uL of
anti-E2 were mixed together and incubated for 90 min at room
temperature. Second, 25 uL of E2 standard solution
(concentrations: 0, 0.1, 0.5, 1, 3, 5, 7, 10, 30, 50, 100, 300,
500, and 1000 pg/mL in steroid-free human serum) and 50 uL
of E2-OVA-conjugated SERS nanotags were mixed together
and allowed to undergo a competitive immunoreaction, after
which they were incubated for 2 h at room temperature. Third,
the magnetic immunocomplexes were isolated via a magnetic
bar on the wall of the microtube, and the remaining unbound
SERS nanotags were washed with a micropipette three times.
Finally, the immunocomplexes were redispersed in 25 uL of
PBS (10 mM, pH 7.4), and the immunocomplexes in
suspensions were transferred to a capillary tube for Raman
measurements. Here, MGITC was used as a Raman reporter
molecule, and its vibrational assignment is listed in Table SI.
The strongest Raman peak intensity centered at 1613 cm™ was
used for quantitative evaluation of E2. Using this SERS-based
competitive assay, highly sensitive and reproducible detection
of E2 standard solutions could be achieved at a single excitation
wavelength.

3.2. Optimization of immunoassay parameters. To
determine the optimal assay conditions, we investigated several
experimental parameters including the concentration of anti-E2,
the incubation time for the interaction between primary and
secondary antibodies, the concentration of E2-OVA for
maximum conjugation onto the surface of Au NPs, the volume
ratio between magnetic beads and SERS nanotags, and the
incubation time for formation of immunocomplexes.

First, different concentrations of anti-E2 (0.15, 0.20, 0.25,
0.30, 0.35, 0.40, 0.4S, 0.50, 0.55, and 0.60 p1g/mL) were assayed
against solutions containing 1.0 ng/mL of E2 to identify the
optimal concentration of anti-E2. Specifically, 25 uL of
magnetic beads with different concentrations of anti-E2 were
incubated with 25 yL of 1.0 ng/mL E2. After incubation for 2
h, followed by washing with PBS-Tween 20 buffer (10 mM, pH
7.4), 250 uL of E2-OVA-immobilized Au NPs (SERS nanotags)
was added and incubated for 2 h. After washing and dispersing
the SERS nanotags in 25 pL of PBS (10 mM, pH 7.4), the
Raman signals of immunocomplexes were measured and
analyzed. As shown in Figure S3a, at the low concentration
of anti-E2, the binding sites of anti-E2 were fully occupied with
E2. As a result, no binding sites remained on the surfaces of
magnetic beads for SERS nanotags; thus, the Raman signal
intensity did not show any significant change with increasing
concentration of anti-E2. On the other hand, as the anti-E2
concentration increased, more binding sites became available,
and the results of this experiment indicated that the E2 binding
efficiency was maximized at an anti-E2 concentration of 0.55
ug/mL. As the concentration of anti-E2 exceeded this
concentration, however, excess binding sites were occupied
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Figure 2. Schematic of the procedure for the SERS-based competitive immunoassay using SERS nanotags and magnetic beads.
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Figure 3. (a) SERS spectra for decreasing concentrations of E2; (b) SERS intensity variation at 1613 cm™; (c) corresponding calibration line of the
SERS signal intensity at 1613 cm™ as a function of the logarithm of the concentration of E2; (d) four-parameter logistic function for the fitting line.

Error bars indicate the standard deviation of five measurements.

by SERS nanotags. As a result, a significant increase in Raman
signal was observed for concentrations of 0.6 yig/mL. For these
reasons, the optimum anti-E2 concentration was ~0.55 pig/mL.

We next investigated the optimal incubation time for the
interaction between anti-E2 (primary antibody) and goat
antimouse IgG (secondary antibody). Specifically, we measured
the Raman signal intensities for a range of incubation times (15,
30, 45, 60, 75, 90, 10S, 120, and 135 min). As shown in Figure
S3b, the Raman signal intensity reached a maximum threshold
at 90 min, which was selected as the optimal incubation time
for subsequent experiments.

Third, the optimum concentration of E2-OVA conjugated
onto Au NPs (Figure S3c) was also investigated. In this set of
experiments, different concentrations of E2-OVA (0.5, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5, and 4.0 ug/mL) were used, and a maximum
Raman signal intensity was obtained at a concentration of 2.0
pug/mL. Finally, we investigated the optimal volume ratio and
incubation time among magnetic beads, SERS nanotags, and E2
(Figures S3d and S3e). According to our experimental data, the
optimal volume ratio and incubation time were determined to
be 1:2:1 and 2 h, respectively.

3.3. Assessment of SERS-based competitive immuno-
assay. Figure 3a shows the Raman spectra of magnetic
immunocomplexes for various concentrations of E2. Here,

10668

different concentrations of E2 were spiked into commercially
available steroid-free human serum solution. Baseline correc-
tions for all spectra should be performed to obtain their relative
intensity values. Raman spectra before and after the baseline
correction are compared with each other in Figure S4. Blank
Raman peak intensity signal was obtained in the absence of E2
and was used as a control. The relative Raman intensity of
MGITC at 1613 cm™' was also monitored to quantify E2
concentration as shown in Figure 3b. The concentration of E2
varied from 0 to 1000 pg/mL, and the Raman peak of MGITC
centered at 1613 cm™' was used for quantitative evaluation of
E2. Conversely, as the concentration of E2 increased, more E2
molecules were able to form immunocomplexes with magnetic
beads, resulting in fewer SERS nanotags attached to the
surfaces of the magnetic beads. Consequently, the Raman signal
intensity was concomitantly decreased with increasing E2
concentration. On the basis of the ratio of peak intensities (Iy,/
i), the calibration curve for the quantitative evaluation of E2
was constructed. It is possible to perform quantitative analysis
of E2 marker in clinical serum using this calibration line. The
corresponding calibration curve from the Raman intensity
variations at 1613 cm ™" is shown in Figure 3c. The fitting curve
was determined from the four-parameter logistic function in
Figure 3d. Raman intensity gradually decreased in a logarithmic
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Figure 4. Selectivity test of the SERS-based assay for (a) E2 and four different E2 analogues and (b) their corresponding SERS intensities at 1613
cm™". Error bars indicate the standard deviations of five measurements.

manner with increasing concentration of E2 and exhibited a
good response in the range of 0.1—1000 pg/mL. The error bars
in the figure indicate the standard deviation of five measure-
ments.

To assess the detection sensitivity and potential clinical
applicability of our proposed SERS-based competitive immuno-
assay, we compared it with a commercially available E2 ELISA
kit (Abnova). For this comparison, a total of 10 different
concentrations of E2 were prepared. For concentrations of the
E2 solution including 0, 0.1, 0.5, 1.0, 5.0, 10, 30, 100, 300, and
1000 pg/mL, the standard solutions in the kit were used, while
E2 solutions with a concentration lower than 10 pg/mL were
prepared by diluting the standard solution. We performed
ELISA assays with all concentrations according to the
manufacturer’s protocol. As shown in Figure S5, the assay
data achieved by our SERS-based assay method (Figure SSb)
were in good agreement with those obtained from the
commercial ELISA kit (Figure SSa) for higher concentrations
of E2 (>5 pg/mL). On the other hand, there was a reduced
correspondence between ELISA and SERS assay data in the
low-concentration regime. As shown in Figure SS5a, it was
difficult to quantify E2 using ELISA for concentrations less than
5 pg/mL. However, the SERS-based assay results were much
more consistent in the low-concentration range (0—S pg/mL)
than were those achieved by the commercial ELISA kit,
suggesting that the SERS-based immunoassay technique allows
for more sensitive quantification of E2 than does ELISA.

Importantly, the limit of detection (LOD) for the SERS-
based immunoassay, estimated as three standard deviations
from the background, was 0.83 pg/mL, while that of ELISA was
~2.3 pg/mL. In the commercial E2 ELISA kit, however, a
different kind of antibody was used and its corresponding
different binding affinity might influence the LOD. To confirm
the low LOD result in our SERS-based assay, ELISA assays
using a commercially available anti-E2 antibody (Abcam, U.K.)
were performed. Here, the same antibody that was used for our
SERS-based assays was utilized. According to our experimental
results, the LOD determined from the ELISA assay using the
same antibody as with the SERS-based assay was estimated to

10669

be 123 pg/mL. This value is ~3 orders of magnitude less
sensitive than that (0.83 pg/mL) of the corresponding SERS-
based method using the same antibody. Consequently, it was
concluded that the low LOD in the SERS-based assay is not
caused by different binding affinities of antibodies.

To evaluate the selectivity of the SERS-based assay for E2,
we next investigated its ability to detect four similar
compounds, namely, 17a-estradiol, estrone (E1), estriol (E3),
and cortisol (Figure 4a). Consistent with our results described
above, the SERS intensity was greatly decreased for E2, while
no obvious changes in intensity changes were observed for any
of the other four compounds, as shown in Figure 4b. This
observation indicated that the antibody-conjugated magnetic
beads only capture E2, and thus the SERS-based assay
technique described in this study is useful for selective E2
quantification.

3.4. Evaluation of SERS-based immunoassay for
clinical samples. To assess the clinical applicability of our
proposed assay technique, we carried out SERS-based
immunoassays on clinical samples, and the results were
compared with chemiluminescence assay data, as shown in
Table 1. Before performing the immunoassay on the clinical
samples, E2 calibration curves for both chemiluminescence and
SERS-based assays were generated using E2 calibrators of
known concentration. In the SERS-based assay, the Raman
intensity at 1613 cm™' was monitored, and the E2
concentration was calculated using a calibration fitting curve
in Figure 3c.

Passing-Boblok regression analysis was applied to estimate
the agreement and possible systematic bias between the two
different analytical methods. Figure S5a shows scatter plots
(purple points) and associated regressions (blue line) of the
data, which revealed good agreement between the two
analytical methods, as the 95% confidence intervals (Cls) for
the intercept and slope included 0 and 1, respectively. The 95%
CI values satisfied both conditions, indicating that all values
were within the clinically acceptable range and also that the
SERS assay data were clinically valid. Here, 11 clinical samples
(sample nos. 1—11 in Table 1) were not included in statistical
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Table 1. Comparison of Quantitative Results Determined by
Chemiluminescence and SERS-Based Immunoassays for E2
Clinical Samples (28 Females and 2 Males; Age Distribution
8—15)

SERS- standard
based deviation
sample age chemiluminescence assay (SERS-based
no. gender (years) assay” (pg/mL) (pg/mL) assay)
1 F 8 <10 5.37 +1.24
2 F 8 <10 4.59 +0.91
3 F 8 <10 222 +0.62
4 F 8 <10 7.66 +1.45
S F 8 <10 2.66 +0.72
6 F 9 <10 9.43 +1.25
7 F 10 <10 9.02 +1.33
8 F 7 <10 11.7 +0.65
9 F 8 <10 8.52 +1.14
10 F 10 <10 10.3 +1.35
11 F 9 <10 3.87 +0.72
12 F 8 15 23.6 +0.45
13 EF 8 18 229 +2.1§
14 F 8 14 19.9 +2.05
15 F 8 17 269 +2.43
16 F 9 12 17.6 +1.85
17 F 9 17 22.8 +1.31
18 M 10 11 16.3 +2.25
19 EF 8 16 24.0 +2.94
20 F 10 19 26.3 +0.99
21 F 8 15 18.7 +1.18
22 F 8 12 14.8 +1.37
23 F 9 13 18.8 +1.39
24 F 13 39 45.6 +2.57
25 F 10 27 323 +2.73
26 F 12 56 56.3 +2.79
27 E 13 29 349 +2.05
28 M 15 22 28.9 +0.87
29 F 10 89 98.5 +2.78
30 F 9 26 30.4 +1.26

“Difficult to quantify E2 in serum for assay concentrations less than 10
pg/mL.

analysis because the commercially available chemilumines-
cence-detection instrument cannot meet the requirements for
accurate assessment of E2 at low concentrations, <10 pg/mL.

In addition, the precision profile corresponding to the
functional sensitivity of SERS-based immunoassay is displayed
in Figure Sb. Here, functional sensitivity (limit of quantification,
LOQ) is defined as the lowest concentration that can be
measured with a coefficient variation (CV) less than or equal to
20%." Mean and % CV were calculated from 30 clinical
samples with three replicates. The calculated % CVs were
plotted against the corresponding means for all clinical sera. A
reciprocal curve was fitted through the data, and the functional
sensitivity was estimated as the concentration corresponding to
the 20% CV level of the curve. In this calculation, the functional
sensitivity of our SERS-based assay is determined to be 4.78
pg/mL. In other words, it is possible to carry out an accurate
quantitative analysis for assay concentrations higher than 5.0
pg/mL (over gray region). According to the commercial
instrument instruction, however, the functional sensitivity of
chemiluminescence is 25.0 pg/mL. On the basis of our
experimental results, we concluded that the SERS-based assay
can be successfully applied for highly sensitive quantification of
serum E2, especially at low concentrations (<10 pg/mL).

4. CONCLUSIONS

In the present study, we demonstrated a novel SERS-based
competitive immunoassay technique for highly sensitive
quantification of E2. In this assay, target E2 and E2-OVA-
conjugated SERS nanotags reacted competitively with anti-E2
antibodies immobilized on the surfaces of magnetic beads. The
amount of E2 marker was successfully measured by monitoring
the characteristic Raman peak intensity of SERS nanotags. To
determine the feasibility of the proposed assay for clinical
application, assay conditions including antibody concentration,
incubation time, and volume ratio between magnetic beads and
SERS nanotags were carefully optimized.

To assess the detection sensitivity of our proposed SERS-
based competitive assay, the assay results were compared with
those obtained by a commercially available E2 ELISA kit
(Abnova). While it was difficult to quantify E2 using ELISA for
concentrations less than S pg/mL, the SERS-based assay results
were more consistent in the low-concentration range (0-5 pg/
mL), demonstrating that the SERS-based immunoassay
technique allows for more sensitive quantification of E2 than
does ELISA. In addition, the SERS-based assay described in this
study exhibited excellent selectivity for E2 when tested against
four similar compounds.
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Figure S. (a) Passing-Boblok regression plot for the determination of the bias and compatibility between chemiluminescence and SERS. The solid
blue line is the regression line, and the two dotted lines show the 95% CI range. (b) Precision profile corresponding to the functional sensitivity of
SERS-based immunoassay. % CVs were plotted against the corresponding means for 30 clinical sera.
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SERS-based assays were performed for 30 blood samples to
assess their clinical feasibility. The results were then compared
with the data obtained by the ARCHITECT chemilumines-
cence assay system. Using this commercial assay system,
however, it was impossible to quantify E2 in serum for assay
concentrations lower than 10 pg/mL. Accordingly, the early
diagnosis of precocious puberty is difficult in many cases
because of the poor analytical sensitivity of E2 ELISA. In the
case of our SERS-based assay, however, the LOD for E2 was
estimated to be ~0.65 pg/mL. Thus, the SERS-based assay
described in this study has strong potential as a valuable tool for
early diagnosis of precocious puberty.
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