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ARTICLE INFO ABSTRACT

Objective: To evaluate a novel surface plasmon resonance (SPR) system for the direct measurement of
tumor marker carbohydrate antigen 15-3 (CA15-3) in human saliva.

Design and methods: We measured the presence of the tumor marker carbohydrate antigen 15-3 (CA15-3)
in human saliva using 2 different surface plasmon resonance (SPR) systems. To compare the sensitivity of an SPR
biosensor based on thin-film Au/ZnO and the Biacore SPR system, we prepared CA15-3 samples in saliva and an-
alyzed intensity responses to the samples at various concentrations of CA15-3.

Results: The linear detection range of CA15-3 in human saliva with the SPR system based on thin-film Au/ZnO
was 2.5-20 U/mL (the cut-off point in cancer patients is around 4 U/mL). The linear range with the Biacore SPR
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system was 40-300 U/mL.

Conclusions: These results show that thin-film Au/ZnO-based SPR systems have higher sensitivity and can be

used for measuring the levels of CA15-3 in human saliva without concentrating the samples.
© 2012 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.

Introduction

Saliva is an important bodily fluid and interest in it as a diagnostic
medium has increased in recent years. Its main advantages are that it
can be sampled non-invasively and can be collected repeatedly without
the discomfort associated with taking blood samples. Saliva contains
various substances and biomarkers that can be used as indicators of
health and disease status. Successful measurement of salivary markers
suggests that saliva samples may play diagnostic roles in many fields
such as autoimmune disorders [1], cardiovascular diseases [2], infec-
tious diseases [3], drug monitoring [4], cytokines [5], Alzheimer's
disease [6] and cancers [7-9].

Carbohydrate antigen 15.3 (CA15-3), a 400-kDa glycoprotein of the
MUC-1 mucin family, is present at higher levels in the serum and saliva
of breast cancer patients than in healthy women. It is used as a reference
marker, or “diagnostic gold standard,” to which other breast cancer
markers are compared [10]. Several studies have shown that the levels
of CA15-3 in the saliva are beneficial in the diagnosis of early-stage
breast cancer and in follow-up evaluations [11-13], but several difficul-
ties for the routine use of this method still need to be overcome. First,
the level of CA15-3 in saliva is up to 10-fold lower than that in serum
[12]. Second, saliva is a complex material, and standardized collection
and processing methods are essential for achieving reliable results
[14,15]. Third, to our knowledge, there are no commercially available
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salivary CA15-3 standards or controls to evaluate the performance of
this detection method. In this study, we have prepared varying concen-
trations of salivary CA15-3 samples and used different surface plasmon
resonance (SPR) systems to detect CA15-3 at physiologically relevant
concentrations.

SPR was introduced in the early 1990s as a novel, label-free biosen-
sor technique [16]. SPR measures changes in the refractive index (RI)
near a thin metal surface in response to molecular interactions, and
the RI is directly correlated to the concentration of substances near
the surface (in the medium). The detection system typically consists
of a monochromatic, linearly polarized light source, a thin metal film
in contact with the base of a prism, and a photodetector. SPR biosensors
offer rapid screening of low concentrations of analytes in real time and
detect biomolecules directly without labeling. These advantages make
SPR assays a powerful quantitative tool in therapeutic drug monitoring
(TDM) [17] and in the detection of biotoxins [ 18], herbicides and pesti-
cides [19], cytokines [5], hormones [20,21], and tumor markers [22-24].
The Biacore SPR system is one of the most commonly used commercial-
ly available SPR sensors. This system provides accurate analysis through
a completely integrated control system, a reusable sensor chip, and
continuous flow technology that maintains a constant concentration
of analyte in the bulk solution. However, assays of the low concentra-
tions of CA15-3 found in saliva are challenging due to nonspecific
binding and limitations of the sensitivity of the Biacore SPR system. In
this study, we used a CM5 sensor chip in the Biacore SPR system. This
chip comprises a glass slide with a thin layer of gold covered with a
carboxymethylated dextran matrix to enhance the ligand immobiliza-
tion capacity of the surface [25].
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The detection of CA15-3 in saliva by the Biacore SPR system was
compared with the detection using an Au/ZnO thin film SPR system.
Previous work from our laboratory showed that an Au/ZnO thin film
SPR system could detect CA15-3 with high sensitivity (LOD=
0.025 U/mL) in pleural fluid samples [22] and could serve as a good
alternative to conventional SPR immunosensors for detecting tumor
markers. Our current results indicate that the Au/ZnO thin-film SPR
system has sufficient sensitivity to measure CA15-3 levels in human
saliva without first concentrating the samples. This SPR system may
be useful as an important detection system for clinical diagnoses
based on human saliva samples.

Experimental section
Materials

All chemical reagents used were of analytical grade. CM5 sensor
chips, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-HCl (EDC-
HCl), N-hydroxysuccinimide (NHS), ethanolamine-HCl (ETA-HCl), and
ethylenediaminetetraacetic acid (EDTA) were obtained from Biacore
(Sweden). Carboxymethyl dextran (CM dextran sodium salt) and bo-
vine serum albumin (BSA) were purchased from Sigma; 10x phosphate
buffered saline (PBS) solution (pH 7.4) was purchased from Gibco-
Invitrogen. 8-Mercaptooctanoic acid (CgH;60,S; 8-MOA) was provided
by Prof. Adam Shih-Yuan Lee from the Department of Chemistry
at Tamkang University and was dissolved in absolute ethanol
(ECHO Chemical). Monoclonal antibodies against the human breast
carcinoma-associated antigen were purchased from Fitzgerald (USA).

Human saliva CA15-3 preparation

Thirty healthy female subjects aged 22 to 45 years (median age,
3427 years) participated in this study, and the protocol was
approved by the Institutional Review Board of Tri-Service General Hos-
pital. Written informed consent was provided by the participants. All
the participants were asked not to eat or drink at least an hour prior
to providing saliva samples. The subjects began a collection session by
rinsing their mouths thoroughly with warm deionized water and then
resting quietly for 5 min. Saliva was collected at 10:30 in the morning,
and each participant provided 5 mL of saliva by unstimulated drooling
into a 15 mL nonpyrogenic plastic tube (Falcon). The collection time
was recorded to calculate the saliva flow rate. The saliva samples were
frozen at —40 °C before being subjected to further treatment. The sam-
ple of human serum CA15-3 was collected from a breast cancer patient,
and was provided by the laboratory of the Nuclear Medicine Depart-
ment at Tri-Service General Hospital. To prepare the saliva CA15-3 sam-
ples, we replaced the serum matrix with pooled saliva using Amicon
Ultra-0.5 Centrifugal Filter Devices (Amicon Ultra, 50 K molecular
weight cut-off) according to the manufacturer's instructions. To confirm
the different concentrations of CA15-3 in the saliva, each sample
(300 pL) was assayed for CA15-3 in triplicate, using a commercial
serum immunoradiometric kit (ELSA CA15-3; Cisbio, France). The
measured intra-assay coefficients of variation (CVs) for low and high
controls were 4.8% and 6.0%, respectively. The limit of assay detection
was 0.2 U/mL.

Saliva CA15-3 processing before SPR analysis

We compared the effects of processing saliva containing CA15-3 by
(1) centrifugation (4000 g for 10 min at 4 °C) and (2) passage through
a 0.22-ym membrane syringe filter (Millex-GP; Millipore, Ireland). The
recovery of saliva CA15-3 from the two processing methods was 82.5 +
0.85% and 74.3 4 0.96% (N = 3), respectively. Therefore, the centrifuga-
tion method was chosen as the saliva CA15-3 processing method.

Instrumentation

A Biacore X100 instrument was obtained from Biacore (GE, Sweden).
Concentration analysis, instrument operation, and data processing
were performed with Biacore X100 control software version 1.1. The
SPRImager was purchased from GWC Technologies (USA).

Immobilization conditions on a CM5 sensor chip

Mouse monoclonal anti-human CA15-3 (Ma695) antibodies were
immobilized on a CM5 sensor chip via an amine coupling process. The
system was equilibrated with PBS buffer (pH 7.4) containing 0.05%
Triton X100. The CM5 sensor chip was activated with a fresh mixture
of EDC and NHS (1:1 v/v) maintained at a flow rate of 10 pL/min for
7 min. The CM5 sensor chip surface has two flow cells for immobiliza-
tion [25]. In this study, we choose flow cell 2 (Fc2) to immobilize the
Anti-human CA15-3 antibodies, and flow cell 1 (Fc1) as a reference
surface. Anti-human CA15-3 (50 pg/mL) antibodies were injected
over the Fc2 chip surface at a flow rate of 10 pL/min for 7 min. The
surface was blocked with 1.0 M ETA-HCI at a flow rate of 10 pL/min
for 7 min and nonspecifically bound antibodies were washed away
with five 30-s injections of glycin buffer (pH 1.7). The resonance
angle or signal in Biacore SPR is expressed in resonance units (RU).
A response of 1000 RU corresponds to a change in surface concentra-
tion on the sensor chip of approximately 1 ng/mm? for proteins
[25,34]. The final immobilized ligand density was 12,500 RU, corre-
sponding to 12.5 ng/mm? (Fig. 1).

Fabrication of Au/ZnO chip substrates

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 (H,S04:H,0, =3:1)
for 10 min and then rinsed 3 times with deionized water in an ultrason-
ic bath. The slides were dried with nitrogen gas. The Au films were
deposited by an electron beam evaporator at a vacuum level of approx-
imately 3 x 10~ Torr. ZnO film was grown on a glass substrate using a
radiofrequency sputtering system set to 13.56 MHz. A working pres-
sure of 3 mTorr was employed during the deposition and a mixture of
Ar (40%) and O, (30%) was used as the working gas.

Surface functionalization of the Au/ZnO film

Prior to surface functionalization, the gold-coated glass slide was
washed with a detergent and ethanol solution and then rinsed with
Milli-Q water followed by sonication. The gold-coated slide was then
immersed into an 8-MOA solution at room temperature for 20 min to
form a self-assembled monolayer on the surface. The chemically
immobilized surface was activated with 400 mM EDC and 100 mM

ETA-HCI
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Fig. 1. Sensorgram of CA 15-3 antibody immobilized on a CM5 sensor chip. The final
immobilized ligand density was 12,500 RU, corresponding to 12.5 ng/mm?.
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NHS for 10 min at room temperature. The gold-film chip was then
soaked in a 50 pg/mL protein G solution that was allowed to fix onto
the gold surface for 10 min. The anti-CA15-3 antibody, at a concentra-
tion of 50 pg/mL, was allowed to bind to the surface for 20 min, after
which the surface was blocked with 1% BSA for 10 min. Binding reac-
tions were monitored real time with the GWC SPRimager instrumenta-
tion as the analyte was passed over the sensor chip. The measured
response values are expressed in arbitrary units (a.u.).

SPR data analysis

All experiments were run in triplicate. With data from the Biacore
SPR system, analyses were performed with the Biacore X100 Plus
Package evaluation software, version 1.1. With the Au/ZnO thin film
SPR system, calibration curves were calculated using Sigma Plot soft-
ware and analyzed with the following four-parameter logistic equation:

(A—B)
e (3)

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.

Y=B+

Results and discussion
Human saliva CA15-3 preparation

Successful analysis of saliva requires consistent collection and pro-
cessing methods [26,27] In this study, 30 healthy female subjects
aged 22 to 45 years donated saliva by the same unstimulated spitting
method at the same time of day and in the same location. The CA15-3
concentration in the saliva samples according to immunoradiometric
measurement was 3.3640.36 U/mL, and the saliva flow rate was
0.3740.05 mL/min. These results are consistent with earlier measure-
ments in a healthy control group [12]. In this study, we used pooled
saliva to prepare the different concentration of saliva CA 15-3 calibra-
tors to eliminate the different bulk refractive index response in the
SPR measurement method caused by different saliva samples [25].
The serum matrix was replaced with pooled saliva upon passage
through an Amicon Ultra-0.5 Centrifugal Filter Device. We compared 2
different filter sizes (50 K and 100 K molecular weight cutoffs) and
found that the 50 K filter gave an 80% recovery rate as compared to
only 30% for the 100 K device. We also used 2 saliva CA15-3 processing
methods prior to analysis on the SPR systems and found that centrifuga-
tion yielded an 82.5 4 0.85% recovery rate compared to a recovery of
74.340.96% (N=3) after passage through a 0.22-um syringe filter.
While we used centrifugation in this study due to its higher recovery
rate, we recommend the filtration method for point-of-care testing
due to its convenience.

Detection of saliva CA15-3 by the Biacore SPR system

The Biacore SPR system (GE, Sweden) is the most commonly used
SPR sensor, and in this study, we used a Biacore X100 system with a
CMS5 chip for the detection of saliva CA15-3. The optimal equilibration
solution was found to be PBS buffer (pH 7.4) mixed with 0.05% Triton
X100, and the optimal regeneration solution was glycine buffer
(pH 1.7). The baseline response was stable over 20 cycles, and we
added carboxymethyl dextran (10 mg/mL) in the saliva CA15-3 solu-
tion to reduce non-specific binding [5,25]. Fig. 2 shows the sensorgrams
of different CA15-3 concentrations in saliva, which were obtained using
the Biacore SPR system.
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Fig. 2. Sensorgrams from the Biacore system for different saliva CA15-3 concentrations.
*The 0 point of saliva CA15-3 is PBS buffer (pH 7.4) containing 0.05% Triton X100 solution.

We measured the dose-response relationship using several con-
centrations of saliva CA15-3 (0.10, 20, 40, 75, 150, and 300 U/mL, as
confirmed by immunoradiometric measurements). The calibration
curve (Fig. 3) was obtained from triplicate measurements of CA15-3
concentrations. The experimental data fit well to a four-parameter
logistic equation [35], with a correlation coefficient (R?) of 0.999.

Under our study conditions, no linear increase in intensity was
seen with the Biacore X100 SPR system until the concentration of
CA15-3 in the saliva reached 75 U/mL (inset in Fig. 3).

Saliva CA15-3 in Biacore X100
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Fig. 3. Calibration curve for the detection of saliva CA15-3 (with solutions containing
0.10, 20, 40, 75, 150, and 300 U/ml) with the Biacore SPR system. The inset shows
the response of the SPR biosensor from 10 U/mL to 75 U/mL with a correlation coeffi-
cient (R?) of 0.868.


image of Fig.�3

1692 Y.-H. Liang et al. / Clinical Biochemistry 45 (2012) 1689-1693

Detection of saliva CA15-3 by Au/ZnO thin film SPR

For comparison to the commercially available CM5 chip in the
Biacore X100 system, we developed a Au/ZnO thin film chip using a
radiofrequency sputtering system (13.56 MHz). The use of protein G
to provide specific affinity-binding sites for interaction with anti-
bodies [28,29] eliminated the random antibody couplings, resulting
in high sensitivity and specificity. Our previous experimental report
showed that the Au/ZnO thin-film SPR sensor had up to a 4-fold
higher response than that of a conventional Au/Cr-based SPR sensor
and could detect CA15-3 directly from pleural fluid samples [22].
The linear range for the determination of pleural fluid CA15-3 was
from 1 U/mL to 40 U/mL and had good linearity, with an R? value of
0.991. This range is important for saliva CA15-3 detection because
the level at which CA15-3 becomes a biomarker for cancer is around
4 U/mL [10]. Fig. 4 shows the SPR responses to the binding of 5 U/mL
and 20 U/mL CA15-3 to the antibody-functionalized sensor surface.
Compared to the Biacore X100 SPR system (Fig. 2), the Au/ZnO thin
film SPR sensor gives better resolution at low concentrations of saliva
CA15-3.

Fig. 5 shows the calibration curve obtained from triplicate mea-
surements of saliva CA15-3 with the Au/ZnO thin film SPR sensor
system. The data fit well to a four-parameter logistic equation with
a correlation coefficient (R?) of 0.987. The increase in intensity was
linear from 2.5 U/mL to 20 U/mL CA15-3, with an R? value of 0.993
(inset in Fig. 5). The system became saturated at saliva CA15-3
concentrations over 20 U/mL, and such concentrations could not be
quantified reliably. Previous reports from the Streckfus Lab [12]
have shown that the saliva CA15-3 concentration for healthy controls
is about 3.19+0.52 U/mL; for benign breast tumors, about 7.23 +
1.58 U/mL; and for malignant breast cancer tumors, about 10.90 4+
3.44 U/mL. The Au/ZnO thin film SPR sensor system used in this
study showed a linear response to CA15-3 across this entire concentra-
tion range. Thus, this newly developed thin film SPR system is expected
to be quite useful in the clinical diagnosis of cancer progression.

In this study, we found that the Biacore SPR system and Au/ZnO thin
film SPR system had different detection ranges for saliva CA15-3. With
the Biacore SPR system, the linear dextran in the CM5 chip provides
an extensively solvated hydrogel that essentially behaves as a homoge-
neous layer that is approximately 100 nm thick [30,31]. This property
might play a role in the detection of higher saliva CA15-3 concentra-
tions; however, non-specific protein binding may decrease the sensitiv-
ity at lower concentrations. The low saliva CA15-3 concentration
showed no linear response on the CM5 sensor chip in the Biacore SPR
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Fig. 4. Real-time intensity of saliva CA15-3 antigen as detected by the Au/ZnO thin film
biosensor. The solid line represents the detection of the CA15-3 antigen at 20 U/mL.
The dashed line represents the CA15-3 antigen (5 U/mL).
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Fig. 5. Calibration curve for the detection of saliva CA15-3 (with solutions containing
0, 2.5, 5, 10, 20, and 50 U/mL) with an Au/ZnO-based biosensor. The inset shows the
response of the SPR biosensor from 2.5 U/mL to 20 U/mL, with a correlation coefficient
(R?) 0f 0.993.

system. We assume that mass transfer effects might play an important
role in this phenomenon [25,34]. In the CMS5 sensor chip, the antibody
is attached to a flexible non-crosslinked dextran polymer. CM5 matrix
has intrinsic limitations in terms of steric hindrance, heterogeneities
in the density, and conformation of probes inside the gel. The diffusion
coefficient for CA15-3 is therefore reduced compared with the value in
saliva solution. In addition, the viscosity in the surface layer is probably
higher than in saliva solution, thereby reducing the diffusion coeffi-
cients for both the analyte and ligand. The dextran concentration in
the surface matrix is close to 25 g/L, and at an immobilization level of
1000 RU, the protein concentration is approximately 10 g/L [25].
Diffusion-limited processes will therefore be slower than the corre-
sponding processes in the saliva solution; furthermore, at low CA15-3
concentration, this effect might be more obvious. Non-specific protein
binding might be another reason for decreased sensitivity at lower
CA15-3 concentrations and might have resulted in the absence of linear
response on the CM5 sensor chip [5]. In the future, we plan to design
other systems and try the second available antibody that can recognize
different epitopes on CA 15-3 surface to resolve this issue. It is also pos-
sible that thin-film Au/ZnO nanostructures might exhibit better optical
and electrical properties than the gold-coated CM5 chip [31-33]. The Kp
values for the Biacore and our Au/ZnO chip were calculated to be 381
and 17 U/mL, respectively. Obviously, the Kp of the Biacore system
was much higher than that of our Au/ZnO SPR chip. This difference is
mainly due to the limitations of the dextran matrix to present the
probe in a homogeneous conformation with its target. CM5 matrix has
intrinsic limitations in terms of steric hindrance, heterogeneities in
the density and conformation of probes inside the gel, and kinetic resis-
tance due to improper molecular orientation and mass transfer that
cause an apparent decrease in the reaction-rate constant [36,37]. It
would be interesting to continue a kinetic analysis in the future;
currently, we are developing different systems that will allow further
analysis of this issue and this will be a future goal of our research.
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Conclusions

In this study, we compared the performance of a Au/ZnO thin film
SPR system and a Biacore SPR system in the detection of CA15-3 in
saliva. With the Biacore SPR system, higher concentrations of saliva
CA15-3 could be detected, but the sensitivity of the system decreased
as concentrations dropped below 75 U/mL. The Au/ZnO thin-film SPR
system that we have developed showed a linear detection range
below 20 U/mL, which covered all relevant CA15-3 concentrations
from healthy individuals to those with malignant breast cancers. To
our knowledge, this study is the first to compare different SPR biosen-
sors for the measurement of CA15-3 concentrations in human saliva.
We believe that the Au/ZnO thin film SPR system will prove useful as
a diagnostic tool in detecting the progression of breast cancer.

Abbreviations

CA15-3 carbohydrate antigen 15-3
SPR surface plasmon resonance
RI refractive index

TDM therapeutic drug monitoring

EDC-HCl 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-HCI
NHS N-hydroxysuccinimide

ETA-HCl ethanolamine-HCl

EDTA ethylenediaminetetraacetic acid

BSA bovine serum albumin

PBS phosphate buffered saline

8-MOA 8-mercaptooctanoic acid

cv coefficient of variation
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