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Abstract: Noble metal nanostructured substrates enhance photoluminescence emitted from molecules
immobilized onto their surface, allowing for the development of highly sensitive immunoassays
employing fluorescent labels. In this work, nanostructured silver surfaces were implemented as
substrates for the immunochemical detection of two ovarian cancer markers, carbohydrate antigen
125 (CA125) and human epididymis protein 4 (HE4). Biotinylated detection antibodies were used
to allow for the detection of immunocomplexes through a reaction with streptavidin conjugated to
Rhodamine Red-X. The detection limits achieved were 2.5 U/mL and 0.06 ng/mL for CA125 and
HE4, respectively, with linear dynamic ranges, covering the concentration ranges of both healthy and
ovarian cancer patients.

Keywords: optical biosensor; ovarian cancer; CA125; HE4; immunochemical detection; photolumi-
nescence

1. Introduction

Cancer is one of the main causes of death worldwide, with ovarian carcinoma being
one of the most common gynecologic malignancies characterized by a significantly high
mortality rate [1]. The reason for this is the fact that epithelial ovarian carcinomas remain
undiagnosed until patients reach late stages of the disease, due to a lack of symptoms
during tumor growth [2]. Thus, the development and use of reliable, sensitive, and specific
serum biomarkers is of great importance for the identification of carcinogenesis at an
early stage, during which it can be more efficiently treated. One of the most widely used
biomarkers, also referred to as the “gold standard” for ovarian cancer, is cancer antigen
125 or CA125 [3,4]. In addition to CA125, a novel biomarker known as human epididymis
protein 4 (HE4) has lately received attention in the field of ovarian cancer diagnosis [5]. In
healthy individuals the values of CA125 and HE4 are lower than 35 U/mL and 1.2 ng/mL,
respectively, and are rapidly elevated in the case of ovarian cancer. The determination of
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both biomarkers can increase the accuracy of ovarian cancer diagnosis and the efficiency of
the therapeutic scheme followed.

Several methods have been developed for the quantitative and sensitive detection of
cancer biomarkers in biological fluids, most of which rely on immunochemical techniques,
i.e., they involve specific antibodies developed against the targeted analytes. The most
widely used immunochemical method is enzyme-linked immunosorbent assay (ELISA),
which is mostly a laboratory-based method that can detect one analyte per run. To sur-
pass the limitations of standard immunochemical methods, new detection approaches
have emerged, aiming at the multiplexed determination of biomarkers, preferably at the
point-of-care [6,7]. Immunosensors seem to satisfy both criteria since they combine the
specificity of the antibody–antigen reaction, with multiplexity, portability and high an-
alytical sensitivity [7]. In the past decade, nanomaterials have been incorporated into
biosensors, mainly the electrochemical and optical ones, aiming to improve their detection
capabilities [8]. A typical example of an optical biosensing approach where nanomaterials
play the major role is the implementation of nanostructured metal surfaces for detection
through surface-enhanced photoluminescence or Raman scattering [9–11]. Both approaches
rely on phenomena related to the interaction of light with the metal nanostructures, such
as the excitation of surface plasmons, which are highly sensitive on changes occurring
on the surface, thus allowing for the detection of biomolecular interactions taking place
on them. This high sensitivity is one of the reasons that nanostructured metal surfaces
have been employed to develop highly sensitive immunosensors for the detection of can-
cer markers [9–11], including the detection of CA125 and HE4, either separately [12–14],
together [15], or in combination with other markers [16].

In this direction, the aim of this work was to evaluate nanostructured silver surfaces as
substrates for the immunochemical detection of two ovarian cancer markers, namely CA125
and HE4. The substrates were prepared following a single-step method for the creation
of nanostructured silicon substrates decorated with silver nanoparticles known as the
metal-assisted chemical etching (MACE) procedure [17]. Non-competitive immunoassays
for the two biomarkers were developed on those substrates using pairs of highly specific
mouse monoclonal antibodies, with one as capture and the other as detection antibody.
The detection antibodies were biotinylated to allow for the detection of immunocomplexes
through a reaction with streptavidin labeled with a fluorescent label for photoluminescence
measurements. The measurements were performed employing an in-house-developed
low-cost optical setup.

2. Materials and Methods
2.1. Materials

Hydrofluoric acid (HF; 50% in water) was obtained from Technic Inc. (Saint-Denis,
France). The silver nitrate (AgNO3; purity ≥ 99.0%) was from Sigma-Aldrich (Taufkirchen,
Germany). Human cancer antigen 125 (CA125) isolated from human adenocarcinoma
(250 kIU) was obtained from HyTest (Turku, Finland). Recombinant human epididymis
protein 4 antigen (100 µg; purity ≥ 85%) was from EastCoast Bio (Maryland Heights,
MO, USA). Mouse monoclonal antibodies against CA125 (clone 4601 as the capture and
4602 as detection antibody) and HE4 (clone 4501 as the capture and 4505 as detection
antibody) were purchased from Medix Biochemica (Espoo, Finland). The bovine serum
albumin (BSA) was from Acros Organics (Geel, Belgium), and streptavidin conjugated with
Rhodamine Red-X was from ThermoFischer Scientific (Waltham, MA, USA). The water
used throughout the study was distilled. All other chemicals were of analytical grade from
Merck (Darmstadt, Germany).

2.2. Synthesis of SERS Substrates

The SERS substrates were fabricated by single-step metal-assisted chemical etching
method (MACE), following a previously published protocol [17]. Briefly, a p-type (100)-
oriented monocrystalline Si wafer was used as a substrate for the growth of silver dendrites
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by immersion into an aqueous solutions containing 0.02 M AgNO3 and 4.8 M HF for 6 min.
The SERS substrates were characterized by results from scanning electron microscopy
(SEM) employing a JSM- 7401F SEM instrument (JEOL Europe bv; Zaventem, Belgium),
working at 30 kV.

2.3. Immunoassay Protocol

Immunoassays for CA125 and HE4 were performed on SERS substrates with dimen-
sions 0.5 × 0.5 cm2. Firstly, 20 µL of a 200 µg/mL anti-CA125 antibody solution in 10 mM
Tris-HCl buffer, pH 8.25, 0.1 M NaCl, or 20 µL of a 200 µg/mL anti-HE4 in 50 mM car-
bonate buffer, pH 9.2, were spotted onto the substrates and incubated overnight at 4 ◦C.
The antibody excess was removed by washing twice with 300 µL of a 10 mM Tris-HCl,
pH 8.25, 0.15 M NaCl or a 10 mM PBS, pH 7.4, for CA125 and HE4, respectively. The
non-specific binding sites were blocked after the incubation with 500 µL of a 10 mg/mL
BSA solution in 0.1 M NaHCO3, pH 8.5, for 2 h at room temperature. After washing, as
carried out previously, 200 µL of solutions containing equal volumes of the CA125 and
HE4 calibrators and the biotinylated detection antibodies (2.5 and 5 µg/mL for CA125 and
HE4, respectively) in 50 mM Tris-HCl, pH 7.8, 9 mg/mL NaCl, 10 mg/mL BSA for CA125
or 50 mM PBS, pH 7.4, 10 mg/mL BSA for HE4 were added, followed by incubation for
1 h under gentle shaking at room temperature. The surfaces were washed four times with
300 µL of the respective washing buffer containing 0.05% v/v Tween. Then, 200 µL of a
5 µg/mL streptavidin–Rhodamine Red-X solution in 50 mM PBS buffer, pH 6.5, containing
10 mg/mL BSA, were added onto the surfaces and incubated at room temperature for
30 min under gentle shaking. Finally, the substrates were washed three times with 300 µL
of the respective washing solution and once with 300 µL DI water, and dried prior to
photoluminescence (PL) signal detection, with a PL experimental setup which has been
described previously [18]. The setup consists of a 532 nm diode laser for illuminating the
sample at a 45-degree angle and a focusing lens to collimate the laser beam. The illuminated
spot on the sample was approximately 2 mm wide. The blocking of the excitation laser was
achieved using a long pass filter, and the PL emission was collected with a fiber vertical to
the surface and analyzed using a spectrophotometer (Ocean Optics, Hong Kong). The laser
power on the sample was 8 mW. The acquisition time was kept as short as possible, never
exceeding 1 s. At this laser power and acquisition time, there was no indication of heating
or quenching of the PL signal.

3. Results and Discussion
3.1. Design and Characterization of PL Substrates

The substrates used in the current study were prepared in silicon wafers following
the MACE method [17]. In this method, the silicon wafer was immersed in an AgNO3/HF
solution and two different processes take place: the etching of silicon wafer to create silicon
nanowires and the growth of silver nanoparticles in the form of dendrites on top of the
silicon nanowires. This is evident from the cross-section and top-view SEM images of the
nanostructured substrates prepared via MACE provided in Figure 1. As shown, the length
of the silver dendrites is about 2 µm.

3.2. Optimization of CA125 and HE4 Immunoassay Conditions

The detection of CA125 and HE4 was performed through non-competitive immunoas-
says, the main steps of which are illustrated in Figure 2. Several assay parameters were
optimized for both CA125 and HE4, such as the capture antibody concentration used for
the modification of nanostructured silver substrates, the biotinylated detection antibody
concentration, the assay duration and the incubation time with the streptavidin–Rhodamine
Red-X conjugate, as well as the composition of all the solutions used, including the coating,
the blocking, the washing and the assay buffer. In short, the first parameter optimized was
the concentration of capture antibodies. For this reason, antibody concentrations of 50, 100,
200, and 400 µg/mL were tested for a fixed concentration of detection antibody, and the
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concentration of 200 µg/mL was selected for both analytes. Furthermore, the effect of the
concentration of detection antibodies was evaluated by incubating mixtures of CA125 or
HE4 calibrators with the respective biotinylated antibodies at concentrations ranging from
1.0 to 10 µg/mL. The concentrations which provided maximum plateau signal values were
2.5 µg/mL for CA125 and 5.0 µg/mL for HE4. Once the detection and capture antibody
concentrations for each analyte were selected, the duration of the immunoreaction was also
optimized and 1 h was selected for both CA125 and HE4. The last parameter optimized
was the duration of substrate incubation with the streptavidin–Rhodamine conjugate (15,
30 and 60 min). It was found that adequate signal was provided after 30 min of incubation
and this was selected for the final protocol. In Table 1, the selected immunoassay conditions
for each analyte are presented.
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Figure 1. (a) Cross-section (scale bar 100 nm, magnification ×35,000) and (b) top-view (scale bar 10 
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Figure 2. Schematic of non-competitive immunoassay for CA125 detection on the nanostructured
silver substrate. The same procedure was followed for HE4.

Table 1. Selected conditions for CA125 and HE4 immunoassay performance on the nanostructured
silver surfaces.

Parameter CA125 HE4

Capture antibody concentration 200 µg/mL 200 µg/mL
Detection antibody concentration 2.5 µg/mL 5.0 µg/mL
Immunoreaction duration 60 min
Streptavidin–Rhodamine incubation 30 min

3.3. Analytical Characterisis of CA125 and HE4 Assays

Using the optimum for each immunoassay condition, the respective calibration curves
were obtained and the analytical characteristics of both immunoassays were determined.
In Figure 3a,b, characteristic PL spectra corresponding to zero calibrators (orange line) and
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two other calibrators (red and blue line) for CA125 and HE4, respectively, are presented. In
addition, the full calibration curve for CA125 is shown in Figure 3c. The detection limit was
determined as the concentration corresponding to signals equal to five standard deviations
of five measurement of zero calibrator, and was 2.5 U/mL and the dynamic range was from
5 to 500 U/mL. Accordingly, for HE4, the detection limit was calculated to be 0.06 ng/mL
and the dynamic range extended up to 5.0 ng/mL, as also indicated by the calibration curve
provided in Figure 3d. Both assays were repeatable with an intra- and inter-coefficient of
variation < 8.5 and 10.5, respectively.
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Figure 3. (a) Photoluminescence signal at the spectral range of 550–650 nm received from surfaces 
with silver dendrites functionalized with an anti-CA125 antibody. The orange line corresponds to 
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and the blue line to a calibrator with a concentration of 100 U/mL. (b) Photoluminescence signal at 
the spectral range of 550–650 nm received from surfaces with silver dendrites functionalized with 
an anti-HE4 antibody. The orange line corresponds to zero calibrator, the red line to a calibrator 
with a concentration of 0.6 ng/mL, and the blue line to a calibrator with a concentration of 1.25 
ng/mL. (c) Typical CA125 calibration curve. (d) Typical HE4 calibration curve. Each point is the 
mean value of three measurements ± 3 SD. 

Figure 3. (a) Photoluminescence signal at the spectral range of 550–650 nm received from surfaces
with silver dendrites functionalized with an anti-CA125 antibody. The orange line corresponds to
zero calibrator (non-specific binding), the red line to a calibrator with a concentration of 20 U/mL,
and the blue line to a calibrator with a concentration of 100 U/mL. (b) Photoluminescence signal at
the spectral range of 550–650 nm received from surfaces with silver dendrites functionalized with an
anti-HE4 antibody. The orange line corresponds to zero calibrator, the red line to a calibrator with
a concentration of 0.6 ng/mL, and the blue line to a calibrator with a concentration of 1.25 ng/mL.
(c) Typical CA125 calibration curve. (d) Typical HE4 calibration curve. Each point is the mean value
of three measurements ± 3 SD.

4. Conclusions

In conclusion, nanostructured silicon surfaces decorated with silver dendrites were
evaluated as substrates for the sensitive detection through photoluminescence of the
ovarian cancer biomarkers, CA125 and HE4, following a non-competitive immunoassay
protocol. The detection limit of CA125 and HE4 was 2.5 U/mL and 0.06 ng/mL, respectively,
with a linear dynamic range extending up to 500 U/mL for CA125 and 5.0 ng/mL for
HE4. The working ranges of both assays cover the concentrations encountered in both
healthy individuals and ovarian cancer patients, and they can thus be implemented for
the early diagnosis of ovarian cancer. Currently, the nanostructured silver surfaces are
evaluated as substrates for the immunochemical detection of additional ovarian cancer
markers, e.g., survivin [19]. In addition, a multiplexed determination of these markers
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in serum samples by a portable system at the point-of-need will be targeted, aiming to
increase their diagnostic and prognostic value with respect to ovarian cancer.
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