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We report that gold/zinc oxide (Au/ZnO) nanocomposite
films were effectively employed to enhance the perfor-
mance of surface plasmon resonance (SPR) for the detec-
tion of tumor markers. Carbohydrate antigen 15.3 (CA15-
3), a tumor marker for breast cancer, was chosen as a
model analyte. We analyzed intensity response to the
samples at various concentrations (0.0125 U/mL to 160
U/mL) in pleural fluid to evaluate the detection capability
of the SPR biosensor based on Au/ZnO thin films. The
linear range extended from 1 to 40 U/mL with a correla-
tion coefficient of R2 ) 0.991 and a limit of detection
reaching 0.025 U/mL at a signal-to-noise ratio of 3:1.
Compared with the degree of the shift in SPR intensity
induced by the specific binding event between antibody
and antigen, the change of intensity on the Au/ZnO
layers was increased by at least 2 fold over that on the
gold/chromium (Au/Cr) layers. In addition, we deter-
mined that the Au/ZnO layers allowed for a detection
limit 4 times lower than the Au/Cr layers, which are
in widespread use as the sensing interfaces in current
SPR-based detectors. In conclusion, the use of Au/
ZnO films greatly enhanced the SPR signal yield for
this bimolecular interaction and showed high sensitivity.

In a wide variety of biosensors, it is crucial to measure the
concentrations of specific biomolecules in biological fluids.
Numerous investigations in recent years have focused on improv-
ing the sensitivity of biomolecular interaction detection for targets
such as tumor markers,1 viruses,2 and bacteria.3 Many detection
assays rely on detecting the biomolecular recognition with
fluorescence, radioisotope, and other types of labeling methods.
However, they have several drawbacks such as low selectivity and

conformational changes.4,5 As a result, a simple, quantitative, and
label-free assay is needed for molecular measurements in bio-
medical applications. Recently, an optical detection method utiliz-
ingthesurfaceplasmonresonance(SPR)responsewasintroduced.6,7

SPR is advantageous in comparison to labeling techniques because
it can detect biomolecules directly and does not require any
sample probing. SPR-based biosensors have been widely applied
for analyses in food,8,9 environmental,10,11 and biomedical
science.12-14 In addition, much research on SPR has been devoted
to the development of high-throughput approaches for biomedical
analysis15-17 and the miniaturization of devices for portable
analyzers.18-20It is a powerful optical technique offering rapid,
sensitive, and high-specificity binding for the detection of target
species.

For the sensor chip, a gold film has been widely utilized as a
sensing substrate due to its good performance for excitation of
the SPR response. Moreover, it can be simply functionalized using
thiol groups in self-assembled monolayers and is easily deposited
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by a thermal evaporation process. In most chip configurations,
glass serves as the supporting substrate, but it does not adhere
strongly to gold materials. Cr is the most frequently used metal
nanomaterial to improve the adherence of gold films to glass
substrates. However, it has several problems involving metal
interdiffusion and low optical transmission to the gold surface.21,22

These events result in a change in the gold’s surface properties
and may affect the sensitivity and stability of optical experiments.
Therefore, the development of more ideal nanomaterials may be
the innovation required in biosensor substrates to increase the
detection sensitivity. As a nanomaterial, ZnO nanostructures
exhibit excellent optical and electrical properties such as a wide
band gap, high transparency, and low resistivity.23,24 Recently,
many studies have been carried out exploring Au/ZnO nanocom-
posites because of their desirable optical properties.25-27 Never-
theless, the applications of Au/ZnO nanoscale thin films in
biosensors have not yet been comprehensively realized.

The detection and quantitation of a tumor marker in a bodily
fluid sample of a patient can provide meaningful information
involving the progression of many cancers. For example, carbo-
hydrate antigen 15.3 (CA15-3), encoded by the gene MUC1, has
been considered for clinical use in breast carcinoma diagnosis
for at-risk women,28 where a CA15-3 level of 30 U/mL is
considered a threshold value. In addition to breast cancer, CA15-3
is overexpressed in several other malignant conditions such as
ovarian, colon, lung, and pancreatic cancer.29-33 Although CA15-3
concentration is elevated in only 10% of patients with stage I breast
cancer, and so it is not used for the purposes of early diagnosis,34

it is still considered an important prognosis factor due to the high
preoperative concentrations of CA15-3 seen in up to 80% of
metastatic breast cancers. 35 The first CA 15-3 assay was developed
for use in radioisotopic detection. 36 This protocol included
complicated steps and hazardous radioisotopes, leading to a slow
process and a dangerous detection environment. Consequently,
radioisotopic immunoassay has been gradually replaced by non-

radiochemical techniques such as enzyme immunoassay37 and
chemiluminescence immunoassay. 38 Although these conventional
assays are quite reliable, they are also time- and labor-consuming
methods. In contrast, optical biosensors with high-resolution, label-
free, and real-time analysis could overcome these problems.
Therefore, CA15-3 was investigated as an analytical model with a
novel thin film-based SPR device.

In this study, we present an immunosensing application of a
novel Au/ZnO-based biosensor for the detection of a tumor
marker. The sensitivity of CA15-3 detection in diluted pleural fluid
samples was determined by an Au/ZnO thin film SPR and
compared with that of a conventional Au/Cr-based SPR biosensor.
Surface roughness and specificity of the sensor systems were also
evaluated. The results show that an Au/ZnO SPR offers a
potentially powerful assay, with a highly sensitive analysis, that
may be applicable as an important tool for tumor marker detection.

MATERIALS AND METHODS
Materials. All chemical reagents used were of analytical grade.

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), and bovine serum albumin
(BSA) were purchased from Sigma. 10× Phosphate-buffered saline
(PBS) solution, pH 7.4, was purchased from Gibco-Invitrogen.
8-Mercaptooctanoic acid (C8H16O2S; 8-MOA) was provided by
Prof. Adam Shih-Yuan Lee from the Department of Chemistry
at Tamkang University and was dissolved in absolute ethanol,
which was purchased from ECHO Chemical. Monoclonal
antibody against the human breast carcinoma-associated anti-
gen was purchased from Abcom.

The sample of human tumor marker, CA15-3, was collected
from the pleural fluid of a breast cancer patient and was provided
by the Department of Laboratory Medicine at National Taiwan
University Hospital. An aliquot of pleural fluid was measured, and
the remaining pleural fluid was stored at -20 °C. The quantitative
determinations of CA15-3 in pleural fluid were made using a
standard kit in an Abbott Architect i2000 immunoassay analyzer.
Standard samples without impurities were purchased from Abbott
Laboratories.

Fabrication of Chip Substrates. Two different sensing
substrates, the Au/Cr layers and the Au/ZnO layers, were used
for the experiments. Standard glass microscope slides (SF-10,
Schott Glass) were used as base substrates. To remove any
contaminants, the glass substrates were subjected to ultrasonic
cleaning in piranha solution (H2SO4:H2O2 ) 3:1) for 10 min and
then rinsed three times with deionized water in an ultrasonic
bath before deposition. The slides were finally dried with
nitrogen gas.

Both of the thin films grown on the glass substrates are shown
in Figure 1. Cr and Au films were deposited by an electron beam
evaporator at a vacuum level of about 3 × 10-6 Torr. The ZnO
film was grown on a glass substrate using a radiofrequency
(RF; 13.56 MHz) sputtering system. A working pressure of 3
mTorr was employed during the deposition, and a mixture of
Ar (40%) and O2 (30%) was used as the working gas.
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Analysis of Bare Gold Surfaces. The bare gold surface
roughness was measured by atomic force microscopy (AFM)
(NanoInk, Chicago, IL) in air at room temperature. AFM imaging
was done in contact mode on selected areas of 5 × 5 µm2 on the
samples. Data acquisition and analysis were performed using
InkCAD software (NanoInk, Chicago, IL). The scan rate was
2.0 Hz.

Optical Property Measurements. The transmission spectra
were recorded using a Cary 50 UV-vis spectrophotometer (Varian
Inc., Palo Alto, CA) with wavelength in range of 400-900 nm.
Optical properties of SPR reflectivity curves were carried out with
an imaging ellipsometer (Nanofilm Inc., Göttingen, Germany), at
an incident angle of 43° and a wavelength of 833 nm.

Surface Functionalization of the Gold Surface. Prior to
surface functionalization, the gold-coated glass slide was washed
with a detergent and the ethanol solution and then rinsed with
Milli-Q water with sonication. The assay developed was designed
as a bioaffinity immobilization assay. The gold-coated slide was
immersed into an 8-MOA solution at room temperature for 20 min
to form a self-assembled monolayer on the surface. Then, the
chemically immobilized surface was activated using 400 mM
EDC/100 mM NHS for covalent bond formation for 10 min at
room temperature. The gold film chip was then soaked in a 50
µg/mL protein G solution and allowed to fix onto the gold surface
for 10 min. The antibody, at a concentration of 5 µg/mL, was then
immobilized onto the surface for 20 min and the surface was
blocked with 1% BSA for 10 min.

SPR-Based Bioassay for CA15-3 Detection. Binding reac-
tions were analyzed using SPRimager instrumentation (GWC
Technologies, Madison, WI), where changes in SPR were moni-
tored in real time as the analyte was passed over the sensor chip.
Measurements were based on the setup of a prism coupled SPR,
first introduced by Kretschmann.6 The measured response values
are expressed in arbitrary units (a.u.). A patient sample with a
known concentration of the breast cancer marker CA15-3 was
diluted with PBS to obtain various concentrations from 0.0125 to
160 U/mL. To minimize mass transport effects, a high flow rate
(40 µL/min) was employed.39 The Au/Cr and Au/ZnO chips were
prepared to measure the intensities of reflected light at the
respective angles of 50.5° and of 51° at 790 nm wavelength. In
the initial step, the gold surface was exposed to PBS buffer in

order to obtain a stable baseline. Then, CA15-3 in PBS at different
concentrations was injected onto the immobilized surface. PBS
was finally allowed to flow through the immobilized surface to
wash away unbound molecules.

Data Analysis. All experiments were run in triplicate. Calibra-
tion curves were calculated using Sigma Plot software and
analyzed with a four-parameter logistic equation as follows,40

Y ) B + (A - B)

1 + (X
C)D

where Y is the SPR intensity signal, X is the analyte concentration,
A is the highest relative intensity of SPR detection, B is the lowest
relative intensity of SPR detection, C is the concentration that
exhibits the half maximal relative intensity, and D is the slope at
the inflection point of the calibration curve.

RESULTS AND DISCUSSION
Characterization of Sensor Surfaces. The performances of

SPR biosensors depend not only on the optical properties of the
optical components but also on the morphological details of the
different interfaces, especially for the free surface. Therefore, it
is necessary to have an excellent characterization of the morphol-
ogy to exclude this contribution as a dominant effect in the SPR
response. To investigate the surface morphology, AFM was used
for the topographic characterization of the Au/Cr and Au/ZnO
nanocomposite films. Figure 2 shows top-view images of the bare
gold slide. The rms (root-mean-square) roughnesses for the Au/
Cr and the Au/ZnO bare gold surfaces were 0.27 and 0.26 nm,
respectively. Deposition of gold films onto the ZnO surface did
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Syst. 1993, 20, 97–114.

Figure 1. Schematic diagram of the thin film structure (not drawn
to scale) in (A) Au/Cr and (B) Au/ZnO. The refractive indices of a
ZnO film and a Cr film are 1.98 and 4.14, respectively.

Figure 2. Contact mode AFM images of (a) the bare Au/Cr films
and (b) the bare Au/ZnO films in top-view representations.
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not induce any topographic changes on the sensor surface. The
topographies both exhibited a lack of large features and similar
roughnesses, with regular nanopits. Moreover, the variations of
roughness were within the 0.2 nm scale. In a previous study, the
SPR response did not have a significant influence on detection
when the roughness of the gold surface was smaller than 1 nm.41

Thus, the possibility of unstable SPR signal due to the roughness
of the bare gold was eliminated and the main effect of SPR
response on the surface roughness can be excluded.

Optical Transmittance. The UV-vis transmission spectra of
the different adhesion substrates with a 50 nm gold film, covering
a range of wavelengths between 400 and 900 nm, are shown in
Figure 3. The response measured through an Au/Cr film exhibits
a transmission peak near 500 nm, which is consistent with the
green region of the spectrum in the transparent gold film. An Au/
ZnO thin film also shows a similar response curve. However, the
Au layer with Cr thickness of 2 nm has a lower transparency
compared to Au/ZnO thin layer due to light absorption in the Cr
thin film.

SPR Reflectivity Curves for the Au/Cr Layer and the Au/
ZnO Layer. For the better performance of a SPR biosensor, the
narrower resonance in the SPR curve is desired.42 Thus, the
influence of the intermediate thin films was evaluated with ∆θ
and fwhm (full width at half-maximum of the resonance dip).
Figure 4 showed the resulting SPR curves when the Au/Cr and
the Au/ZnO layers were in contact with molecules in the
immobilization procedure. As a result, an Au/ZnO layer showed
a greater increase in the resonance angle and a narrower fwhm
in the reflectivity curve. In contrast, a conventional film gave rise
to a weaker angle shift and a wider fwhm in the SPR spectrum
and curve, respectively (Table 1). Accordingly, the major factor
influencing the performance in the SPR spectrum was a change
in the fwhm of the Au/ZnO nanocomposite film.

Detection of CA15-3 by the Au/ZnO Thin Film SPR. To
achieve a high sensitivity and specificity in immunoassays, it is
critical for the antibody immobilization process to result in their
correct orientation on the sensor surface so that the analytes can
access the antibody active sites and thus be bound. Antibodies

immobilized in a highly oriented manner maintain higher binding
capacity than those in a random manner.43 Protein G, a surface
protein from a streptococcal strain, can lead to immune escape
because it is generally expected to bind to the Fc part of the
antibody specifically. This provides specific affinity binding sites
for interaction with antibodies.44 The possibility of any functional
damage to the antibodies due to random coupling is also
eliminated. Hence, in this study, bioaffinity immobilization using
protein G was adopted for the assay.

Interaction of the antigen with the antibody layer was deter-
mined by monitoring relative intensity changes on the sensing
surface and followed by recording the phase of the intensity in

(41) Byun, K. M.; Yoon, S. J.; Kim, D.; Kim, S. J. J. Opt. Soc. Am. A 2007, 24,
522–529.
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5, 2034–2038.
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Figure 3. The measured transmission spectrum of the Au/Cr layer
(dash line) and the Au/ZnO layer (solid line).

Figure 4. Normalized SPR reflectivity curves for the (a) the Au/Cr
interfaces and (b) the Au/ZnO interfaces when immobilizing the
molecules onto the interfaces: Bare gold (black); 10 mM 8-MOA SAM
(red); 50 µg/mL protein G (blue); 5 µg/mL CA15-3 antibody (green);
40 U/mL CA15-3 antigen (yellow).

Table 1. Comparison of Measured Angle Shifts and
FWHM between the Au/Cr and Au/ZnO SPR Thin Films

∆θ SPR (deg) fwhm (deg)

Au/Cr Au/Zno Au/Cr Au/Zno

bare gold 0 0 1.10 0.85
8-MOA 0.19 0.20 1.01 0.95
protein G 0.15 0.40 1.20 1.10
antibody 0.14 0.29 1.39 1.25
antigen 0.10 0.20 1.24 1.05
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real time. A calibration curve, shown in Figure 5a, was obtained
from triplicate measurements of CA15-3 concentrations ranging
from 0.0125 U/mL to 160 U/mL. The experimental data gave good
agreement when fitted to the calibration curve, with a correlation
coefficient (R2) of 0.979. It was obvious that the SPR intensity
response increased with an increase in the CA15-3 antigen
concentration but only up to a point; when the concentration
of antigen was over 40 U/mL, the intensity response reached
saturation. The linear range for the determination of CA15-3
was from 1 U/mL to 40 U/mL, exhibiting a good linearity with
a correlation coefficient (R2) of 0.991 (inset in Figure 5a). Thus,
when CA15-3 concentrations over 40 U/mL resulted in higher
signal responses, it could not be quantified reliably. The more
concentrated samples needed to be diluted to within the linear
range of the biosensor.

Figure 5b shows the SPR responses to the binding of 0.025
U/mL CA15-3 from the patient sample to the antibody-function-
alized sensor surface. For detection of CA15-3, sample concentra-
tions of 0.025 U/mL and above resulted in significant intensity
changes. The SPR intensity of the control had an average value
of 0.02 ± 0.13 au. To establish the limit of detection (LOD), it was
defined as three times the standard deviation of the control.

Hence, the LOD was determined to be 0.025 U/mL because this
level resulted in an average value of 0.60 ± 0.23 au.

Comparative Analysis of CA15-3 Detection by Au/Cr and
Au/ZnO Thin Film SPR. The intensity changes of two different
thin film SPR devices induced by adsorbing CA15-3 at different
concentrations (40, 5, and 0.1 U/mL) are shown in Figure 6a.
The phase of the intensity on the Au/ZnO-based sensor was
increased by 2-fold over that on the Au/Cr layers in 40 U/mL as
well as in 5 U/mL. However, with the lower concentrations, such
as 0.1 U/mL, the Au/ZnO-based biosensor could improve the
sensitivity of detection 3-fold compared with the conventional
sensing substrate-based biosensor. Moreover, in the LOD of SPR,
as shown in Figure 6b, the Au/Cr and Au/ZnO film biosensors
reached 0.1 U/mL and 0.025 U/mL, respectively. In other words,
the detection limit with the Au/ZnO layers was approximately
4-fold lower than that for the Au/Cr layers.

The threshold value of CA15-3 concentration in healthy
individuals is 30 U/mL, indicating that the sensitivities of these
two kinds of thin film-based SPR are adequate to detect this level.
A conventional SPR biosensor could detect the concentration down
to 0.1 U/mL, whereas a newly developed SPR biosensor is capable
of sensing 0.025 U/mL CA15-3. These results demonstrated that
the Au/ZnO thin film SPR could detect a weaker affinity interac-
tion than the conventional SPR biosensor could.

The LOD of the biosensor based on the Au/ZnO thin film is
comparable or superior to the detection limits for tumor marker
recently reported using other biosensing techniques. The Au/

Figure 5. (a) Calibration curve for the determination of CA15-3 (with
solutions containing 0.025, 0.05, 0.1, 0.5, 1, 5, 10, 20, 40, 80, and
160 U/mL) with an Au/ZnO-based biosensor. Inset shows the
response of the SPR biosensor from 1 U/mL to 40 U/mL with a
correlation coefficient (R2) of 0.991. (b) Real-time intensity of CA15-3
antigen as detected by the Au/ZnO thin film biosensor. The dashed
line represents the detection of CA15-3 antigen (0.025 U/mL). The
solid line is the negative control.

Figure 6. Averages of SPR intensity measured for the adsorption
of antigen to antibody (a) at different concentrations and (b) at the
detection limit of concentration on the Au/ZnO layers and the Au/Cr
layers. Error bars indicate the standard deviation for the mean of three
measurements.
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ZnO thin film SPR biosensor achieved a detection limit (0.025
U/mL) lower than any of the other biosensors (1 U/mL for the
imaging ellipsometry45 and 2.5 U/mL for the scanning electro-
chemical microscopy46). Although this assay showed a narrower
linear range in the detection of CA15-3, the LOD was also better
than the minimum detectable concentration obtained using
electrochemical immunoassay,47 capillary electrophoretic immu-
noassay,48 and chemiluminescent immunoassay.49 The capillary
electrophoretic enzyme immunoassay with electrochemical assay
(CE-EIA-ED) showed nearly the same minimum detectable
concentration as the Au/ZnO thin film SPR biosensor of 0.025
U/mL.50 Compared with CE-EIA-ED, based on an HRP-function-
alized antibody label, this novel SPR had the advantage of label-
free detection. As a result, the measurements by SPR could be
performed faster than that with CE-EIA-ED including a 1 h
incubation time. It can therefore be concluded that an Au/ZnO
thin film is an ultrasensitive sensing substrate for CA15-3
measurement.

Correlation between Antibody Detection of CA15-3 An-
tigen in Pleural Fluid and of Antigen in Standard Solution.
To investigate the clinical applicability of the newly developed thin
film SPR sensor, the specificity was examined by analyzing CA15-3
standard samples with five concentrations (40, 20, 5, 1, 0.025
U/mL). Figure 7 describes the correlation results between the
detections of CA15-3 in pleural fluid samples and in standard
samples. The linear relation had a slope of 1.754 with a correlation
coefficient (R2) was 0.994. These results indicated that nonspe-
cific binding and cross-reactivity in CA15-3 detections did not
evidently interfere with the response of the biosensor. Conse-
quently, it is feasible to use the newly developed thin film SPR
sensor to detect CA15-3 in clinical diagnostics.

CONCLUSIONS
Herein, we provide a new analytical assay for the detection of

tumor marker using an Au/ZnO thin film SPR biosensor with high

sensitivity. A SPR biosensor with an intermediate thin film of ZnO
showed a narrow fwhm and a large angle shift. Thus, this sensor
exhibited up to a 4-fold higher response than that of the
conventional Au/Cr-based SPR sensor and can detect CA15-3
directly in pleural fluid samples. Furthermore, our assay developed
for the CA15-3 antigen, with an LOD of 0.025 U/mL, is more
sensitive than those previously reported.45-50 The assay described
in this work is very simple, does not require complicated sample
treatment procedures, and employs inexpensive reagents for
analysis. Moreover, it is a label-free detection without additional
amplification steps to enhance the sensitivity. Therefore, this SPR
biosensor can provide a highly sensitive immunosensing system
and serve as a good alternative detection technique to the
conventional SPR immunosensor for tumor diagnosis.
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Figure 7. Correlation between the results obtained in the patient
samples and the standard samples of CA 15-3 with five concentra-
tions (40, 20, 5, 1, 0.025 U/mL) (R2 ) 0.994). Error bars indicate the
standard deviation for the mean of three measurements.
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