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We  present  a  sensitive  and  reproducible  surface  acoustic  wave  (SAW)  immunosensor  that  uses  an  inter-
nal reference  sensor.  A sandwich  immunoassay  was  performed  on the  working  sensing  area  of  the  SAW
sensor  that  is  able  to specifically  capture  and  detect  cardiac  troponin  I  (cTnI),  while  an  immunoassay
comprising  rabbit  IgG  and  anti-rabbit  IgG  was  carried  out on  the  reference  sensing  area.  The analyte  in
human  plasma  was  captured  on  gold  nanoparticles  (AuNPs)  that were  conjugated  in advance  with  detec-
tion antibody.  Introduction  of  these  complexes  as well  as  AuNPs  conjugated  with  anti-rabbit  IgG  into  the
capture  antibody-immobilized  working  sensor  surface  and  its  adjacent  rabbit  IgG-immobilized  reference
sensor  surface  resulted  in  a classic  AuNP-based  immunoassay  format  on  both  sensing  areas.  In order  to
achieve  signal  enhancement,  a gold  staining  method  was  performed.  Normalized  sensor  response  (a
ratio of  working  sensor  response  to  reference  sensor  response)  due  to gold  staining  varied  as  a  function
old staining
nternal reference

of  applied  cTnI  concentration.  Furthermore,  introduction  of the  internal  reference  sensor  with  the nor-
malization  technique  reduced  the  coefficient  of  variation  (CV)  of  the  assay  by a  factor  of  4–12,  improving
reproducibility  of  the  SAW  immunosensor.  To  validate  the accuracy  of the  SAW  system,  correlation  with
a  commercial  system  (Centaur®XP, Siemens)  was  investigated  using  the  plasma  of  21  patients  and  exhib-
ited  good  agreement  with  a correlation  coefficient  (r)  of  0.986  and  a  slope  of 0.8  for  SAW/Centaur®XP.
. Introduction

Detection of proteins in a sensitive and reproducible manner is
ssential for clinical application [1–3]. Most common biosensing
latforms require the use of labels, such as fluorophores or radio-

abels. However, these techniques require long sample preparation
imes and additional costs due to the labeling process [4–6]. Label-
ree techniques, such as surface plasmon resonance (SPR) [7,8],
uartz crystal microbalance (QCM) [9,10],  and surface acoustic
ave (SAW) [11,12], have been developed to alleviate this con-

ern. SAW sensor has been widely investigated and used to detect
 variety of target analytes due to its high sensitivity, low cost, and
eliability. In particular, the guided shear horizontal (SH)-SAW sen-

or (also known as a Love wave sensor) that consists of a SH-SAW
ubstrate with an overlayer having a lower shear wave velocity
as been shown to be one of the most promising platforms for
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biosensor applications due to its high sensitivity and stability in
the liquid phase [13–15].  The role of the overlayer is to trap acous-
tic energy near the sensing surface, thus yielding high detection
response to any physical perturbation on the surface, such as
changes in mass density, mechanical stiffness, viscosity, pressure
or temperature. Furthermore, the overlayer can also protect inter-
digital transducer (IDT) electrodes from the liquid environment.
Various dielectric materials, such as silicon dioxide (SiO2) [16,17],
zinc oxide (ZnO) [18], and polymers [19], can be used as wave-
guide material. In many studies, silicon dioxide (SiO2) has been
widely used as the guiding layer due to its low acoustic loss, high
mechanical and chemical resistance, and ease of functionalization
with biomolecules. The principle of operation of the SAW sensor is
that mass loading on the guiding layer, results in a surface acous-
tic velocity change, which is detected as a frequency shift or a
phase shift of a surface acoustic wave. Therefore, the frequency
shift or the phase shift of the SAW sensor is proportional to the
accumulation mass on the guiding layer surface [13,14]. In a pre-

vious study, we demonstrated that a Love wave SAW biosensor
in combination with gold staining signal enhancement strategy
exhibited high sensitivity [20]. However, although the gold stain-
ing method has been shown to enhance signals, it can result in low

dx.doi.org/10.1016/j.snb.2012.11.082
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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niformity and reproducibility due to non-linear growth of the gold
anoparticles. Furthermore, a method to overcome background

nterference due to human serum proteins was required for better
eproducibility.

In order to improve reproducibility, an internal reference sensor
as been introduced into various biosensing platforms [21,22]. This
nables differential or normalized data acquisition from the work-
ng sensor signal and reference sensor signal, which compensates
ny drift or noise and discriminates against non-specific binding.
lso, normalization (working sensor response divided by reference
ensor response) can be used to suppress disturbances that are
nown to similarly influence both the working sensor signal and
eference sensor signal.

Cardiac markers play an essential role in the diagnosis, prog-
osis, monitoring, and risk stratification of suspected heart attack
atients [23,24]. For example, cardiac markers have been used as an

mportant factor in ruling in or ruling out acute myocardial infarc-
ion (AMI), the world’s leading cause of morbidity and mortality.
mong currently used cardiac markers, the detection of cardiac

roponins (cardiac troponin I (cTnI) and cardiac troponin T (cTnT))
s regarded as the biochemical “gold standard” for diagnosis of
MI due to excellent specificity and sensitivity. Cardiac troponins
emain elevated for 4–10 days after the onset of AMI, allowing a
uitable window for diagnosis [25,26].

This study describes a highly sensitive 200 MHz  Love wave SAW
iosensor that can achieve detection of cardiac troponin I in human
lasma below the clinical cut-off level (0.06–1.5 ng/mL) of cTnI.
he Love wave SAW sensor is composed of the working sens-
ng area and its adjacent reference sensing area. An immunoassay
n combination with gold staining was used as a basic detec-
ion methodology. Capture antibody of cTnI and rabbit IgG were
dsorbed onto the working sensing and reference sensing areas,
espectively. cTnI in human plasma was captured on gold nanopar-
icles (AuNPs) conjugated with the detection antibody of cTnI.
ntroduction of this cardiac marker-AuNP complex as well as anti-
abbit IgG conjugated AuNP to the capture antibody-immobilized
urface and then to the rabbit IgG-immobilized surface sequentially
esulted in an immunoassay on both surfaces, where subsequent
atalyzed deposition of gold onto AuNP led to signal enhance-
ent. In this fashion, we  significantly increased the sensitivity of

he assay by reducing the limit of detection (LOD) of the cardiac
arker below the clinical cut-off level. Furthermore, reproducibil-

ty of the assay was significantly improved by introducing an
nternal reference sensor adjacent to the cTnI working sensor
nto a single substrate and then by normalizing the working sen-
or signal to the reference sensor signal. In order to understand
he role of the internal reference sensor in decreasing the coeffi-
ient of variation (CV) of the sensor signal, which was  attributed
o improving reproducibility of the sensor, platinum and rab-
it IgG were coated onto the working sensor surface as well
s onto the reference sensor surface. Then, CVs of normalized
ignals (a ratio of working sensor signal to reference sensor sig-
al) due to platinum and rabbit IgG adsorption were compared
ith those of each sensor signal. Next, in order to investigate

he normalization minimizes plasma protein interference, the
ssay described above was performed with four different non-
atient plasma samples spiked with the same concentration of
TnI (25 ng/mL). Given that the CVs of the normalized signal
ere less than those in the working sensor signal, normaliza-

ion played an essential role in compensating any drift or noise
ue to plasma protein interference. We  also compared concentra-
ions of 21 patient plasma samples determined by the SAW system

ith those using a commercialized system (Centaur®XP; Siemens,

rlangen, Germany). An acceptable agreement between the two
ethods was observed over the clinical range of cTnI concentration

300 pg/mL to 3.0 ng/mL).
tors B 178 (2013) 19– 25

2. Materials and methods

2.1. Materials

Cardiac troponin complex was  purchased from Fitzgerald
(Acton, MA). Three cTnI monoclonal antibodies were obtained from
Hytest (Turku, Finland). Rabbit IgG and anti-rabbit IgG were pur-
chased from Sigma–Aldrich (St. Louis, MO). AuNPs with a 30-nm
diameter were obtained from BBI (Cardiff, UK). Bovine serum albu-
min  (BSA) and trimethoxy(octadecyl) silane were purchased from
Sigma–Aldrich (St. Louis, MO), as were gold (|||) chloride trihy-
drate and hydroxylamine hydrochloride. PBS buffer was  obtained
from Invitrogen (Carlsbad, CA). Phosphate buffer (PB) consisted
of sodium phosphate monobasic and sodium phosphate dibasic
that were purchased from Sigma–Aldrich. Normal and cTnI clin-
ical patient human plasma samples were obtained from SCIPAC
(Sittingbourne, UK).

2.2. Design and fabrication of the SAW sensor

3000 Å thick aluminum interdigital transducer (IDT) electrodes
deposited by sputtering were patterned onto a 36◦YX-LiTaO3 sub-
strate (Yamaju Ceramics Co., Ltd., Anada-Cho Seto, Japan) using
conventional photolithography. As shown in Fig. 1, the SAW sen-
sor area has a working sensor and its adjacent reference sensor.
The input and output IDT electrodes of each sensor consisted of 72
finger pairs with an electrode width of 5.0 �m to obtain 200 MHz
center frequency. The length of the delay line is 2 mm and the
distance between the working sensor and the reference sensor is
0.8 mm.  A 5.2-�m-thick SiO2 guiding layer was deposited onto the
IDT patterned substrate by plasma-enhanced chemical vapor depo-
sition (P-500; Applied Materials, Santa Clara, CA), followed by wet
etching with buffered oxide etchant to open the contact pads for
electric connection. After dicing the fabricated wafer, the SAW sen-
sors were mounted on custom-made printed circuit board (PCB) to
form a dual-type SAW sensor, followed by aluminum wire bonding
to establish an electric connection.

2.3. Measurement system

A SAW sensing system was comprised of fluidic and detection
modules, as depicted in Fig. 2, used to obtain real-time sensor
information during the assay. The mass loading on SAW sensor
was monitored by tracking the phase change of surface acous-
tic waves at the central frequency of 200 MHz with a HP8753ES
network analyzer (Hewlett-Packard Company, Palo Alto, CA). The
Fourier transform and time gating function of the network analyzer
were used to minimize unwanted interference from electromag-
netic feed-through and reflected waves. A path controller that
connected the network analyzer with the SAW sensor was used
to perform continuous and repetitive measurements of phase sig-
nals in the working and reference sensors. The flow cell was
constructed with a peristaltic pump (ISM597; ISMATEC, Glat-
tbrugg, Switzerland), a custom-made fluidic block, and a U-type
silicon gasket. To exclude effects of temperature change on the
SAW sensor signal, a temperature controller was installed below
the chamber to maintain the temperature at 25 ◦C. All signal
acquisition and network analyzer manipulation were automati-
cally conducted via custom-built control software executed on
a PC.

2.4. Platinum coating on the sensor surface
Before a sensor was loaded onto a holder within a Cressington
208 sputter coater (Cressington Scientific Instruments, Ltd., Wat-
ford, UK), the initial phase signals of the working and reference
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Fig. 1. (a) Top and (b) cross-sectional vi

ensors were measured. The sensor was then sputtered with 1.5 nm
f platinum (for 30 s at 20 mA  and 0.085 mBar) in the sputter coater,

ollowed by phase measurement. Again, the sensor was reloaded
nd sputtered with Pt for 30 s in the sputter coater, followed by
nal phase measurement.

Fig. 2. Diagram of th
f the dual-type Love wave SAW sensor.

2.5. Antibody conjugation to gold nanoparticles
Each antibody (cTnI detection antibody and anti-rabbit IgG
(10 �L of 1 mg/mL)) was  added to 1 mL  of 30 nm colloidal AuNPs,
followed by incubation at room temperature for 30 min. To block

e fluidic cell.
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nreacted sites on the AuNP surface, 0.1 mL  of 1% BSA in deion-
zed water was introduced to the AuNP-antibody mixture. After
dditional incubation at room temperature for 30 min, the mixture
as centrifuged at 13,000 rpm for 10 min  at 4 ◦C. Supernatant was

emoved, and the antibody-conjugated AuNPs were dispersed in
.5 mL  of PBS solution (0.1 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM
aCl, pH 7.4) containing 0.1% BSA. All conditions, including the con-
entration of antibody, gold particle and buffer were determined
hat the absorbance at 580 nm did not decrease after conjugation
rocedure.

.6. Immunoassay with gold staining

The silicon dioxide (SiO2) sensing area was sequentially rinsed
ith deionized water and absolute ethanol and then dried under
itrogen gas. The chip was next placed in a UV/ozone cham-
er (144AX-220; Jelight Company, Inc., Irvine, CA) for 10 min.
he chip was incubated in a solution of 5% (vol./vol.) fresh
rimethoxy(octadecyl) silane in toluene with 0.5% n-butylamine as

 catalyst for 1 h, followed by rinsing with toluene for 2 min  and
rying under nitrogen gas. The silanized sensor was  then baked in
n oven at 110 ◦C for 1 h, followed by rinsing with toluene for 2 min
nd drying under nitrogen gas.

Two different cTnI antibodies (19C7, MF4, 100 �g/mL in phos-
hate buffer (PB), 7.4 pH) specific to different epitopes of cTnI were

mmobilized on the working sensing area of the guiding layer for
 h. It is known that a combination of the two chosen antibodies as
apture antibody is not sensitive to proteolytic degradation and/or
he presence of heparin and autoantibodies [27–29].  The 19C7 cap-
ure antibody and MF4  capture antibody were chosen for specificity
o the stable region and to the carboxyterminal region of cTnI,
espectively. Rabbit IgG (100 �g/mL in phosphate buffer (PB), 7.4
H) was also immobilized non-specifically on the reference sensing

rea of the guiding layer for 1 h. Hence, each immobilization layer
an be formed with a custom-made dispenser that is able to release
rop by drop and able to control the quantity of one drop. In order
o avoid evaporation, the dispensing process was performed inside

ig. 3. Schematic of the immunoassay format utilized in this study in combination with
nterpretation of the references to color in this figure legend, the reader is referred to the
tors B 178 (2013) 19– 25

a humidity chamber. Afterward, unreacted sites on the sensing area
were blocked with 5% BSA in PB solution.

50 �L of heparinized human plasma containing cTnI was  mixed
with 50 �L of its specific antibody-AuNP conjugate as well as anti-
rabbit IgG-AuNP conjugates for 3 min, allowing the cTnI to bind to
its specific antibody-AuNP conjugate. These complexes were first
introduced to the working sensing surface and then to the refer-
ence sensing surface and allowed to bind the immobilized capture
antibody and rabbit IgG, respectively. After washing with PBS solu-
tion for 1 min, the gold staining solution that consisted of 50 �L of
gold (|||) chloride trihydrate (10 mM)  and 50 �L of hydroxylamine
hydrochloride (20 mM)  was incubated with AuNPs on the sensor
surfaces for 2 min, which resulted in catalyzed deposition of gold
onto the AuNPs captured on the sensing surfaces. The sensing sur-
faces were then rinsed again with PBS solution for 1 min.

All experiments were performed with heparinized human
plasma that was spiked with the cTnI. In order to quantify the
original concentration of the analyte, human plasma sample was
analyzed five times with Centaur®XP whose detection limit was
6 pg/mL. Since the plasma contained less than 6 pg/mL of cTnI, it
was assumed that the cTnI concentration of the blank sample was
5 pg/mL.

3. Results and discussion

3.1. Detection of cardiac markers via gold staining

Fig. 3 highlights the immunoassay procedure on both the work-
ing sensing surface and the reference sensing surface used in this
study, including immobilization of capture antibodies and rabbit
IgG, complex formation between antibody-AuNP conjugates and
cardiac marker in human plasma, capture of these complexes to
the immobilized antibodies (cTnI capture antibody, rabbit IgG),

and subsequent gold staining-based signal enhancement strategy.
The capture antibodies and rabbit IgG were immobilized non-
specifically on the SiO2 guiding layer of the working sensor and
its adjacent reference sensor, respectively. The cardiac troponin I

 gold staining on a dual-type SAW sensor. Red arrows show direction of flow. (For
 web version of the article.)
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ig. 4. CV (coefficient of variation) comparison of normalized sensor response with
orking and reference sensor responses upon adsorption of (a) platinum and (b)

abbit IgG.

resent in human plasma was captured on antibody-AuNP conju-
ates, which then bound to the immobilized capture antibodies.
nti-rabbit IgG-AuNP conjugates bound to the immobilized rab-
it IgG. Then, introduction of gold staining solution that consisted
f gold (|||) chloride trihydrate and hydroxylamine hydrochloride
esulted in catalyzed deposition of gold onto the captured AuNPs
n both sensor surfaces.

.2. Adsorption of platinum and rabbit IgG onto sensor surface

Fig. 4(a) shows working sensor response, reference sensor
esponse, and normalized sensor response to platinum coating on
he working sensor as well as the reference sensor as a function of Pt
eposition time. Pt was deposited on trimethoxy(octadecyl) silane-
oated working and reference sensing areas. We  investigated how
he normalization process (a ratio of working sensor response to
eference sensor response) plays a role in decreasing the coeffi-
ient of variation (CV) of the sensor signal, which is attributed to
mproving reproducibility of the sensor. Average and CV values

ere calculated with five sensors. At 30 s, the CVs of the working
ensor response and the reference sensor response were 14.0% and
9.3%, respectively, while that of the normalized sensor response
as 6.3%. At 60 s, the CVs of the working sensor response and the

eference sensor response were 15.7% and 16.0%, respectively, and
hat of the normalized sensor response was decreased to 2.3%.

We also performed measurement of working sensor response,

eference sensor response, and normalized sensor response to
abbit IgG adsorption on the working sensor as well as the ref-
rence sensor, as shown in Fig. 4(b). The IgG was  adsorbed
n trimethoxy(octadecyl) silane-coated working and reference
tors B 178 (2013) 19– 25 23

sensing areas. Measurements were performed five times for each
concentration of the rabbit IgG (10, 50 and 100 �g/mL). Averages
and CVs were again calculated. For 10 �g/mL, the CVs of the work-
ing sensor response and the reference sensor response were 13.3%
and 14.3%, respectively. The CV of the normalized sensor response
was 1.4%. For 50 �g/mL, the CVs of the working sensor response and
of the reference sensor response were 5.2% and 5.7%, respectively.
The CV of the normalized sensor response was 2.3%. For 100 �g/mL,
the CVs of the working sensor response and of the reference sensor
response were 15.7% and 16.1%, respectively. The CV of the normal-
ized sensor response was 0.5%. The CVs of the normalized signal due
to platinum deposition and rabbit IgG adsorption onto both the
working sensor surface and reference sensor surface were lower
than that in each sensor signal. Hence, we  demonstrate the poten-
tial of the normalization process to enable reproducible detection
of target molecules. However, it is still necessary to investigate the
CV of the assay used in this study can also be improved by intro-
duction of the internal reference sensor, improving reproducibility
of the SAW immunosensor.

3.3. Reproducibility of normalized sensor response to cardiac
troponin I in the SAW system

We investigated the dependence of normalized sensor response
due to gold staining on applied cardiac troponin I (cTnI) concentra-
tion. Seven measurements were carried out for each concentration
of cTnI, and the results are displayed in Fig. 5(a). As concentration
of cTnI increased from 5 pg/mL to 25 ng/mL, the normalized and
working sensor responses due to gold staining also increased. We
also compared CV of normalized sensor response with that of work-
ing sensor response. The CV of the normalized sensor response was
in the range of 0.4–2.3%, which was  lower than that of the work-
ing sensor response in the range of 3.1–9.0%. In this assay, high
standard deviation or CV of the working sensor response mainly
results from background noise and non-linear growth of the gold
nanoparticle due to gold staining. Therefore, introduction of the
internal reference sensor reduced the CV of the assay by a factor of
4–12, improving reproducibility of the SAW immunosensor. This
demonstrated that normalization screened out background noise
by manipulating data and minimized non-uniformity in the gold
staining process by suppressing the disturbances to both the work-
ing sensor signal and the reference sensor signal.

The standard curve for the assay was determined using a
five-parameter logistic model on MasterPlex curve fitting software
(Hitachi Solutions, San Francisco, CA), and the normalized signals
and working sensor signals were converted into concentrations
using standard curves. The limit of detection (LOD) of the SAW
immunosensor with/without the internal reference sensor were
determined as 6.2 pg/mL and 9.7 pg/mL, respectively, according to
the definition in NCCLS guideline EP17-A, where LOD is affected
by the standard deviation of the blank sample measurement as
well as a low sample concentration (LOD = �B + 1.645 �B + 1.645 �s.
�B and �B are the mean and standard deviation of the blank
measurements, �S is the standard deviation of the population
of the low sample measurements). This indicates that the intro-
duction of the internal reference sensor with the normalization
process also improved LOD of the SAW immunosensor. The LOD
was far below the clinical cut-off level of cTnI (0.06–1.5 ng/mL)
[23,24]. Hence, it was  confirmed that the SAW biosensor was
able to perform sensitive and reproducible detection of cardiac
troponin I.

A major concern inherent in protein detection assays is poten-

tial background interference from other biomolecules and chemical
species in human plasma. Provided that a target cardiac marker was
present in human plasma, it was  important to assess the impact of
human plasma proteins on our detection strategy. Four different
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Fig. 5. (a) Variation of the normalized and working sensor responses due to gold
staining with cardiac marker concentration in the dual-type sensor chip system.
Measurements were performed seven times for each concentration of cardiac mark-
ers (5 pg/mL to 25 ng/mL). (b) CVs of the normalized and working sensor responses
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Fig. 6. Method comparison test with 21 patient plasma samples. The SAW sys-
®

ue to gold staining with the four different non-patient plasma samples (<6 pg/mL)
piked with the same concentration of cTnI (25 ng/mL). Five measurements were
arried out for each plasma sample.

on-patient plasma samples (<6 pg/mL) spiked with the same con-
entration of cTnI (25 ng/mL) were assayed as described above. We
ompared the CVs of normalized sensor signals with observations
n working sensor signals. Five measurements were carried out for
ach plasma sample. Theoretically, provided that the concentration
f analyte is the same, the biosensor should be able to produce the
ame signal. As shown in Fig. 5(b), the CV of the working sensor
ignals was 12.4% higher than that of each working sensor signal in
he range of 3.2–8.9%, indicating that background interference from
lasma proteins in different non-patient plasma obviously has an
ffect on our detection assay. However, the CV of the normalized
ensor signal was 1.4% less than that of the working sensor signals
y a factor of 9. Therefore, by introducing the internal reference
ensor, normalization compensated any background noise due to
lasma protein interference.

.4. Method comparison between the SAW immunosensor and a
ommercial system

For the purpose of accuracy validation of the SAW immunosen-
or, correlation with a commercial system (Centaur®XP) was also
nvestigated in a blind fashion using the same plasma samples

f the 21 patients. Normalized signals of the 21 patient sam-
les were converted into concentrations using the standard curve
etermined using a five-parameter logistic model as shown in
ig. 5(a). Also, concentrations of the same 21 patient samples
tem and a commercialized system (Centaur XP; Siemens, Erlangen, Germany)
showed good agreement over the clinical range of cTnI concentration (300 pg/mL to
3.0  ng/mL).

were measured using a commercial system (Centaur®XP). Then,
we made a plot (Fig. 6) of concentrations measured by the
SAW immunosensor versus those measured by the commercial
system (Centaur®XP) over the same plasma samples of the 21
patients. An acceptable agreement between the two  methods was
observed over the clinical range of TnI concentration (300 pg/mL
to 3.0 ng/mL). As shown in Fig. 6, the TnI concentrations from the
two methods corresponded well and showed a significant correla-
tion with a correlation coefficient (r) of 0.986 and a slope of 0.8 for
SAW/Centaur®XP in Deming regression analysis. In the regression,
the proportional bias (slope = 0.8) observed was  acceptable, since
each assay was developed with different methods, standards and
calibrants [30,31].

4. Conclusions

In conclusion, we demonstrated a surface acoustic wave (SAW)
immunosensor, which uses an internal reference sensor in combi-
nation with a gold staining signal enhancement strategy, detected
cardiac troponin I in a sensitive and reproducible manner. It was
confirmed that normalization (a ratio of working sensor response to
reference sensor response) screened out background interference
by manipulating data and minimized non-uniformity in the gold
staining process by suppressing disturbances to both the working
sensor signal and reference sensor signal. We  also showed that the
normalized sensor response depended on cardiac marker concen-
tration. Our future efforts will be focused on extending this platform
to detection of other disease markers present in body fluids, such
as blood and plasma. Due to its size, sensitivity and reliability, we
expect this platform will be useful in development of devices for
point-of-care diagnostics.
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