Lab on a Chip
Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.
Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available
to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.
You can find more information about Accepted Manuscripts in the
Information for Authors.
Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal’s
standard Terms & Conditions and the Ethical guidelines still
apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/loc

Please Lab
do not
margins
onadjust
a Chip

Page 1 of 8

Journal Name

Single chip SPR and fluorescent ELISA assay of prostate specific
antigen
Received 00th January 20xx,
Accepted 00th January 20xx
DOI: 10.1039/x0xx00000x
www.rsc.org/

a

a

a

a

a,b

J. Breault-Turcot , H.-P. Poirier-Richard , M. Couture , D. Pelechacz and J.-F. Masson *
A multi-channel system combining fluidics and micropatterned plasmonic materials with wavelength interrogation surface
plasmon resonance (SPR) and fluorescence detection was integrated from the combination of a small and motorized
fluorescence microscope mounted on a portable 4-channel SPR instrument. The SPR and fluorescent measurements were
performed based on the same detection area in a multi-channel fluidic, with a sensing scheme for prostate-specific antigen
(PSA) consisting of a sandwich assay with a capture anti-PSA immobilized onto the SPR sensor and a detection anti-PSA
modified with horseradish peroxidase (HRP). In this dual-detection instrument, fluorescence was measured from the
solution side of the micropatterned gold film, while the interface between the glass prism and the gold film served to
interrogate the SPR response. The SPR sensors were comprised of microhole arrays fabricated by photolithography to
enhance the instrumental response for PSA detection by approximately a factor of 2 to 3 and they were coated with a selfassembled monolayer of a peptide (3-MPA-HHHDD-OH) to minimize nonspecific adsorption. PSA was successfully detected
at clinical concentrations from 10 pM to 50 nM with this integrated system in a single assay lasting 12 minutes, almost
centering on the desired range for PSA diagnostic tests (> 4 ng/mL or > 150 pM). The combination of two robust
techniques in a single chip and instrument has led to a simple and effective assay that can be carried out on a small and
portable instrument providing rapid biodetection of an important cancer biomarker with a dynamic range of nearly 4
orders of magnitude in the clinical range.

Introduction
ELISA is a common method of surface-based detection for
a variety of analytes and is currently the workhorse of clinical
laboratories. In an ELISA test, the analyte is captured on a
surface modified with a bioreceptor and detection occurs
through the use of secondary antibodies modified with an
enzyme that reacts with a colorimetric or fluorescent
molecule. While ELISA assays are robust, they suffer from long
incubation times and several steps that lengthen the detection
process. Surface plasmon resonance (SPR) sensing is an optical
technique sensitive to biomolecules1 and detection with SPR
technologies can be achieved with specific receptors such as
aptamers2,3, antibodies4 or antibody fragments5. The principles
of SPR sensing are analogous to ELISA, where the bioreceptor
is immobilized on the surface of the SPR sensor and the
analyte captured. Unlike ELISA, SPR sensing is a label free
technique providing real-time measurements of biomolecular
interactions. Thus, SPR directly detects the binding event of an
analyte on the sensor and does not require the conversion of

the colorimetric or fluorescent reagent to quantify
biomolecules. SPR sensing is also amenable to miniaturization
of the instrumentation and rapid analysis SPR sensing has been
extensively used for characterization and quantification of a
variety of proteins with limits of detection in the low
6-9
nanomolar to picomolar range .
The advances in microfluidic technologies led to the
engineering of smaller devices providing faster response for
point-of-care applications. ELISA assays were thus developed
on lab-on-a-chip platforms for a variety of applications in the
10-17
medical field
. Portable systems assembled from readily
accessible instrumental components and detector such as a
smartphone were recently integrated for an ELISA assay
monitoring antibodies associated to different medical
18
conditions . In addition to the classical optical detection using
fluorescence or UV-Vis, it is possible to integrate sensors in the
19
microfluidic platform, such as electrochemical detection ,
20
surface enhanced Raman scattering
or surface plasmon
21
resonance . The integration of multiple detection modalities
can provide a built-in positive control for monitoring a disease
marker if the techniques are not susceptible to the same
interferences. For example, SPR sensing is especially
susceptible to nonspecific binding of background molecules to
the sensor while fluorescence-ELISA is generally insensitive to
the binding of interferents to the sensor, as the response is
revealed with the specific interaction of the secondary
antibody with the analyte and the enzymatic response of the
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secondary antibody. ELISA requires low background
fluorescence and is susceptible to optical interferences from
absorbing species. In SPR sensing, the light beam indirectly
interacts with the sample and is relatively insensitive to optical
interferences. The combination of techniques such as SPR and
fluorescence ELISA in a single platform could provide a
confirmatory measurement.
In many medical applications, the level of biomarkers can
vary by several orders of magnitude in clinical samples.
However, the linear dynamic range of ELISA and affinity
sensors such as SPR is limited to around 2 orders of magnitude
due to the thermodynamics of the Langmuir isotherm. Several
strategies have been employed to extend the dynamic range
22-25
of biosensors, including the modification of bioreceptors
,
the combination of several bioreceptors with different
26-28
affinities on a single biosensor
, enhancing the response
obtained in the low concentration region of the Langmuir
29
isotherm
and the use of a nanoplasmonic electrical field30
enhanced sensor as the biosensing template . The integration
of multiple detection modalities in a single microfluidic
platform can also provide the advantage of extended dynamic
range if techniques have different but overlapping dynamic
ranges, which is the case for SPR sensing and ELISA.
Several studies have compared the performance of SPR
31-38
and ELISA
. SPR sensing was shown to be collinear with
31
ELISA for the detection of anti-asparaginase . In some cases,
the sensitivity of SPR was similar to ELISA, such as for
37
32
CD166/ALCAM
and for toxins . In other cases, ELISA was
more sensitive than SPR, which was demonstrated for albumin
38
33
35
, human hepatitis B virus (HBV)
and for ricin . The
amplification of an SPR response with secondary antibodies
increased the sensitivity of the SPR sensor and thus, narrowed
the gap in sensitivity between ELISA and SPR sensing in other
33
applications . All these previous reports were based on
dedicated SPR and ELISA instruments, and they have to the
best of our knowledge never been combined in a single
platform. Regardless, these comparative studies revealed that
SPR and ELISA have different but nearly overlapping dynamic
ranges, which may be suited to increase the overall dynamic
range of an assay if SPR and ELISA are combined in a single
instrument.
The concept of SPR-ELISA is demonstrated here for the
detection of prostate specific antigen (PSA), a common cancer
biomarker. This model protein is one of several biomarkers
indicative of the presence or the stage of certain diseases such
39
40
as myocardial infarction , congestive heart failure
or
41,42
cancers
. PSA is secreted in the blood of patients with a
healthy prostate at concentrations of around 0.01 to 0.1 nM
43
for 50 years old men . A concentration of PSA in blood above
0.15 nM (4 ng/mL) is considered high and is the common
threshold to screen for prostate cancer. Prostate cancer is
among the most prevalent cancers in western countries,
especially in men over 50 years old. However, the number of
deaths by prostate cancer has slowly started to decrease in

Canada since the 90's with the advent of extensive screening
of men at risk and the screening of PSA levels in blood. Those
two aspects have played a major role in the early diagnosis of
prostate cancer and the increased survival rate. Screening of
prostate cancer is generally performed by ELISA tests for PSA.
These tests are still carried out in centralized laboratories and
the turnaround time remains an important challenge in PSA
screening. The detection of PSA in buffer solutions has been
44
45
reported using SPR detection
and a sandwich assay
achieving detection limits of ng/mL for this biomarker.
However, this analysis was performed on large and costly
laboratory instruments. To address the challenges associated
with ELISA in PSA testing, we report here on the use of a small
and portable dual-detection system to perform PSA detection
using both SPR and ELISA coupled with fluorescence detection.

Experimental details
The source of the materials and chemicals used is provided
as supporting information. BK7 glass wafers of 4 inches in
diameter and dove glass prism of 20 x 12 x 2.5 mm were all
cleaned with warm piranha solution (sulphuric acid + hydrogen
peroxide – 3 : 1 at approx. 80°C – Caution! Piranha solution is
highly corrosive) for 20 and 90 minutes, respectively. All glass
substrates were washed vigorously with deionised water to
remove any traces of piranha solution and dried with a stream
of nitrogen. Glass prisms were covered with a smooth and
continuous gold film by directly sputtering 0.5 nm chromium
and 45 nm gold (Cressington 308R sputter coater, Ted Pella
Inc. Redding, CA). An argon pressure of 0.02 mbar and a
current set at 80 mA were used during sputtering.
The microhole array substrates were fabricated with
standard photolithography techniques. Cleaned BK7 glass 4”
wafers were primed with HDMS for 90 seconds at 120°C
(310TA oven, Yield Engineering Systems, Livermore,
CA). Resins (LOR1A and OIR 674-11) were spin coated onto the
primed-wafers according to the manufacturer’s directives. The
resins were exposed with a dose of 73.8 mW through a diskpatterned mask (Photomask portal, Richardson TX) using a
MA6 mask aligner from SUSS MicroTec (Sunnyvale, CA). A
post-exposure bake was then performed at 90˚C for 90
seconds. The resins were then developed for 90 seconds in
AZ726 MIF. Subsequently, 1 nm of chromium and 65 nm of
gold were deposited on the wafers with ebeam lithography.
Lift off of the photoresin mask was carried out in Remover PG
in a sonic bath for 10 minutes. To fit on the dove prisms, the
substrates were then cut into 11 X 17 mm chips with a 7100
Provectus dicing saw (Advanced Dicing Technology, Horsham,
PA). Scanning electron microscopy (SEM, Jeol, Peabody, MA)
and atomic force microscopy (AFM, WItec, Ulm, Germany)
were used to validate the thickness of the metallic layer.
Microfluidic fabrication
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Figure 1. (Left panel) Representation of the SPR-fluorescence-ELISA instrument.
The sensor chip (not seen) was mounted at the interface between both units.
(Right panel) Design of the fluorescence-ELISA unit for the SPR instrument.
Standard components of an epifluorescence microscope were included in the unit
(laser entry, lenses, optical tube, dichroic mirror, and a photodiode), in addition to
the railing and actuator system for moving the fluorescence unit from channel to
channel.

The fluorescence measurements were performed with a
specifically designed fluorescence add-on fitted to the
portable SPR device (Figure 1). A window was carved in the
aluminum arm maintaining the fluidics in place (Figure 2). The
excitation source was a laser diode at 532 nm (OZ-2000 series,
OZ Optics, ltd., Ottawa, Canada). Fluorescence intensity was
measured with an avalanche photodiode (APD130A, Thorlabs
inc., Newton, NJ). Excitation and emission was filtered with a
532 nm dichroic beamsplitter and a 532 nm long-pass filter
(Semrock, Inc., Rochester, NY). The fluorescence unit was 11 x
12 x 7 cm and latched to the top of the fluidic cell of the
portable SPR device (Figure 1). The excitation and emission
light were focused onto the surface of the SPR sensor and to
the detector through a set of lenses. The fluorescence
measurements were made through the PDMS of the fluidic
cell. The fluorescence was read sequentially for each channel,
which was then corrected with a reference measurement of
fluorescence for a location outside of the fluidic channels. The
signal was then additionally corrected with a background
fluorescence measurement from PBS for all sensing channels.
The fluorescence data reported were acquired from 3 scans of
10 data points/scan. The exposition time per data point was
TM
0.1 s for Ampliflu Red.
Biosensor assembly

Figure 2. (Left panel) Schematic representation of the fluidic cell. The SPR sensor is
located below the fluidic cell and the fluorescence unit was located above the
fluidic cell. (Right panel) The modifications to the SPR instrument required carving
an optical window in the latch arm and adding the mounts for the fluorescence
head.

The PDMS fluidics were prepared by mixing 184 silicone
elastomere base and 184 silicone elastomere curing with a
10:1 ratio. This mixture was used to fill completely the mould
specifically designed for the SPR instrument. The silicone
mixture was kept still for a period of 10 minutes at room
temperature so bubbles could be removed from the mixture.
The bubble-free moulds filled with silicone were than heated
at 80°C for an hour. They were cooled to room temperature
before the removal of the PDMS fluidic. The custom PDMS
microfluidic generated was used to deliver the samples in the
SPR/fluorescence instrument.
SPR-fluorescence instrumentation
The portable 4-channel SPR device used for biosensing has
46
been previously described in the literature . Herein, three
channels were used as sensing channels, while the fourth
channel served as a reference channel. Two types of SPR
sensors were used in this study. The dove prisms were coated
with a continuous gold film for a series of experiments.
Microhole arrays were also mounted on a clean 20 x 12 x 3
mm glass dove prism with an RI-matching fluid. For both
plasmonic materials, the custom made PDMS microfluidic was
46
used to deliver the samples to the SPR sensor . The fluidic
was maintained in place with an aluminum arm latched to the
main body of the instrument.

Monolayers of 3-mercaptopropionic acid-His-His-His-AspAsp-COOH (3-MPA-HHHDD-OH) were formed overnight on the
gold surface of the SPR sensors with 1 mM solutions in
dimethylformamide (DMF). The surface of the sensors were
abundantly rinsed with ethanol to remove unbound molecules
and dried with a stream of nitrogen. Specific biosensors for
human PSA were constructed by using a protocol previously
47
described elsewhere . In brief, the monolayer was activated
with ethyl-(dimethylaminopropyl)carbodiimide (EDC) and Nhydroxysuccinimide (NHS) coupling chemistry. Antibody
solutions were prepared in phosphate buffer saline (PBS) at 75
µg/mL and incubated with the activated monolayer for
covalent binding to the SPR sensor. PBS was then injected to
remove all unbound antibodies. The unreacted NHS esters on
the sensor surface were deactivated with a solution of 1 M
ethanolamine hydrochloride adjusted to pH 8.5. PBS was
injected once again to remove any remaining ethanolamine.
The SPR biosensor was completed at this step and ready for
detection of the target of interest.
PSA solutions were prepared in PBS 1x buffer at
concentrations ranging from 0.1 pM to 1 µM. Biosensing of
PSA was performed over 10 minutes in PBS with static flow
incubation conditions. PSA was pre-incubated with a
secondary antibody prior to injection into the SPR system.
Mixing PSA with the anti-PSA in a total volume smaller than 20
µL for 10 minutes at room temperature formed a PSA/anti-PSA
complex to increase sensitivity in SPR sensing. In the final step,
dilution to a volume of 500µL was carried out using buffer.
PSA sensing with an SPR-ELISA assay
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Anti-PSA modified with horseradish peroxidase (HRP) was
used for the fluorescent-ELISA assay. The ELISA assay was
performed on the SPR sensor and detected in the SPR
instrument using the fluorescence unit. In this fluorescentTM
ELISA assay, Ampliflu Red peroxidase was incubated with an
HRP-modified antibody to exhibit fluorescence with an
excitation at a 532 nm. Anti-PSA labeled with HRP was preincubated with PSA for 10 minutes at room temperature using
a molar ratio of 1:3 (PSA : anti-PSA). Thus, after the capture of
PSA complex with anti-PSA labeled with HRP on the SPR
TM
sensor, the SPR sensor was incubated with 100 µM Ampliflu
Red solution prepared in PBS containing 20 mM H2O2. This
assay led to fluorescence detection in the bulk solution due to
the accumulation of the reaction product of HRP conversion of
TM
Ampliflu Red contained in the SPR fluidics. Fluorescence was
measured at intervals of 30, 90, 150, 300 and 600 s. The
background signal in PBS was subtracted from the
fluorescence.

Results and discussion
SPR-fluorescence instrument
The design of the SPR-fluorescence system was based on a
4-channel SPR instrument, which has been previously reported
46
for monitoring methotrexate
and for monitoring a small
therapeutic peptide directly in whole blood with a
48
microdialysis chamber . It was here modified to include
fluorescence detection (see Figure SI1). The SPR instrument is
powered by two USB cables from a laptop computer, has a
small footprint and weight (1.8 kg), and has three sensing
channels and a reference channel.
Several modifications to the SPR instrument were
necessary to host the fluorescence unit. First, a window was
carved into the aluminum arm that latches the fluidic cell in
place (Figure 2). This window was aligned with the 4 channels
of the SPR instrument to allow the upright fluorescence
microscope to be mounted on the system. The fluorescence
unit consisted of a laser entry port with a collimating lens
directed to a long-pass dichroic beamsplitter matching the 532
nm laser excitation (Figure 1 and SI1). The laser was focused
on a sensing channel using a lens. The emitted light was
transmitted through the beamsplitter and a long-pass 532 nm
filter, and was focused on an avalanche photodiode using
another lens. The fluorescence unit was designed to analyze a
single channel, thus it was mounted on railings and motorized

Microfluidics
Since both SPR and fluorescence analysis were performed
in a single microfluidic device (Figure 3), the microfluidic cell
used in this system required compatibility with SPR and
fluorescence-ELISA. Beside providing a sealed environment for
liquid handling, the microfluidic required a flat interface with
the fluorescence unit to avoid background fluctuations from
channel-to-channel, no defect or air bubbles and high
transmission of fluorescent emission, which was fulfilled with
molded PDMS. The fluidic cell was comprised of a sensing
channel with an “S” shape to cover the three active sensors
and a straight channel for the reference (Figure 2). The volume
of the sensing channels of the microfluidic was also of
importance. The channels of the fluidic cell must be about 1.5
mm wide to accommodate the SPR light beam. Smaller SPR
light beams would lead to poorer signal-to-noise ratio of the
SPR signal or longer integration times. The integration time per
channel was set at 1 second with the 1 mm SPR beam, which
was acceptable for providing detailed kinetic information in
SPR. Longer integration times would lead to poorer time
resolution of the measurements.
The fluorescence-ELISA was based on a peroxidase enzyme
to generate a fluorescent product. Low microfluidic cell
volumes would lead to low fluorescence due to limited the
amount of available substrate that can be converted into its
associated fluorophore. Large volumes would dilute the
fluorescence of the product as the number of antibodies was
set by the area of the SPR sensor and lead to poorer sensitivity
or longer detection times. Thus, the fluidic channels were 800
µm deep for a total volume of 15 µL per channel. This
microfluidic cell provided low background fluorescence and
adequate fluidic handling for the SPR and fluorescence-ELISA
experiments.
Microhole arrays
Many nano or microstructured plasmonic materials with
different physical features have shown high sensitivity to
49,50
refractive index change
, which is an important feature
improving detection limits in SPR sensing. Thus, highly
sensitive microhole arrays with a periodicity of 3.2 microns and
51
a hole diameter of 1.6 to 1.8 micron were integrated to the
SPR-fluorescence instrument. The original microhole array
work was reported using a fabrication method that involved
modified nanosphere lithography (NSL), and while this method
of fabrication was suitable for the development of the
microhole arrays, the technique has inhomogeneous coverage
2
for microhole arrays on a large area of a few cm . This was
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Figure 3. A) Concept of the combination of SPR and fluorescence ELISA detection in
a single microfluidic for the dual detection of the recognition event and enzymatic
conversion. B) Schematic of the SPR biodetection and C) for the fluorescence
measurement

with a linear actuator to scan all 4 channels successively
(Figure 1). The software was modified to include real-time
fluorescence measurement in addition to the SPR sensorgrams
(Figure SI2). A wavelength of 532 nm was selected for the
current experiments due to the prevalence of fluorescence
markers excited with this laser. However, the SPR-fluorescence
instrument is not limited to this wavelength and other lasers,
dichroic beamsplitters and filters can be used on the system
according to the requirements of the analysis.
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Figure 4. A) Photograph of microhole arrays produced by photolithography on a 4”
wafer B) SEM image of the microhole arrays

inadequate for the current SPR instrument due to the precise
positioning of the sensing channels and the larger area
covered by all 4 sensing channels in comparison to our
52
previous SPR design . Thus, the fabrication method of
microhole arrays needed to be improved. A photolithographic
process on a 4” glass wafer was developed to obtain a
2
plasmonic crystalline structure on an area of nearly 100 cm .
The wafer was diced into 24 homogeneous samples of 11 x 17
mm, which were then mounted on the dove prism SPR of 12 x
20 mm using RI-matching fluid. Photolithography led to a
material with very few defects over a large surface (Figure 4).
The plasmonic properties of the microhole arrays
fabricated by photolithography were assessed with the
measurement of a binding event occurring on the SPR sensor
and compared with a smooth and continuous Au film SPR
sensor. The SPR response obtained for the immobilization of
500 nM anti-PSA on the SPR sensor increased from 2.22 ± 0.09
nm for the Au film to 5.19 ± 0.42 nm for the microhole arrays
(Figure SI3). This SPR signal increase is around a factor of 2 to 3
with microhole arrays and is in agreement with a previous
report using microhole arrays fabricated with nanosphere
53
lithography .
Another interesting property of microhole arrays concerns
the time required for the SPR response to reach equilibrium.
All experiments with the SPR instrument were performed with
static flow injection and anti-PSA was incubated with the SPR
sensor and the binding followed in real-time. The association
process of anti-PSA to the SPR surface was therefore diffusion
limited. Microhole arrays have a smaller area of gold and thus
fewer possible binding sites per unit area of the sensor in
comparison to a smooth and continuous gold film. However,
the SPR response at equilibrium was not only larger for
microhole arrays, but the equilibrium was reached in a shorter
time (Figure SI3). The time taken to reach 95% of the overall
response was roughly 10 minutes for a continuous gold film
and only 1.5 minutes for microhole arrays.
Enhanced fluorescence has been observed for fluorophores
in close proximity to plasmonic substrates. Enhancement in
fluorescence caused by the plasmonic material due to coupling
effect requires close proximity of the fluorophore with the
plasmonic material, in a region roughly defined as 20 to 50 nm
from the gold film. Due to the instrumental configuration, the
fluorescence signal collected here was generated by free
fluorophores in solution and for the ones located in proximity
to the plasmonic material. In the current assay, the

Figure 5 A) Different biosensing schemes for PSA: direct detection (I), secondary
detection (II), anti-PSA labeled with HRP (III) B) SPR response for the detection of
10 nM PSA on microhole arrays for each biosensing scheme.

microfluidic channel is more than 100 microns high and thus,
less than 1% of the molecules experienced enhanced
fluorescence. Hence, enhanced fluorescence was not observed
in this assay. Microhole arrays can enhance fluorescence and a
proof-of-concept experiment was carried to show an
approximately 5 to 10-fold enhancement in the fluorescence
of anti-PSA labeled with a Zenon® fluorophore with the
microhole arrays in comparison to the same assay performed
on a gold film.
Surface plasmon resonance detection of PSA
The SPR instrument with the microhole arrays was
validated with a biosensor for PSA, the current clinical
biomarker for prostate cancer detection. PSA is a small protein
(28 kDa) and thus detected with lower sensitivity in SPR
sensing compared to larger proteins. The change in refractive
index induced by the PSA protein binding to the sensor at 10
nM was near the detection limit while still at a relatively large
concentration for PSA screening (Figure 5). Since the maximum
level of PSA in serum considered normal for men over 50 years
old is 0.15 nM 54,55, different configurations of the PSA
bioassay with microhole arrays and SPR sensing were tested to
meet these requirements. PSA was thus incubated with a
secondary antibody to form a complex of larger mass (178
kDa) prior to injection into the SPR system. The increase in
mass of the complex led to a larger change in the dielectric
constant near the metallic film and thus a significant SPR
response was observed (Figure 5). Detection of the PSA

Figure 6. Calibration curve for PSA using the SPR assay. The detection was
performed with the PSA complex with anti-PSA modified with HRP. Error bars
represent one standard deviation for a triplicate measurement.
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complex was possible using the secondary antibody
enhancement at concentrations as low as 0.1 nM in PBS, which
is the critical level of PSA for prostate cancer diagnostics.
In order to give a detectable fluorescence signal, the PSA
complex was further modified. A fluorescence assay was
adapted here for PSA detection by modifying the anti-PSA with
a horseradish peroxidase (HRP) enzyme for the ELISA assay.
The modifications performed on the PSA complex lead to a
mass increase (222 kDa with HRP) and thus further amplified
the SPR signal obtained for 10 nM PSA (Figure 5). A clear
correlation was observed between the SPR signal and the mass
of the PSA complex detected: 0.05 ± 0.03 nm for free PSA (28
kDa), 0.64 ± 0.07 nm with unlabeled anti-PSA (178 kDa) and
1.26 ± 0.06 nm with anti-PSA-HRP (222 kDa). The SPR sensor
for PSA was then calibrated with antibodies modified with
HRP. The SPR biosensor was able to detect PSA concentrations
as low as 0.1 nM using the modified antibody assay (Figure 6).
A negative control was also performed by incubating 10 nM
human IgG with anti-PSA. The signal obtained for the negative
control (-0.22 ± 0.13 nm) was negligible in comparison to 0.1
nM PSA (0.21 ± 0.03 nm).
Surface plasmon resonance-ELISA assay

An ELISA assay was created with the anti-PSA modified
with HRP and AmplifluTM Red. The ELISA assay was run directly
on the SPR surface using microhole arrays and a thin Au film as
previously outlined for PSA detection. This comparison of
fluorescence detection on both surfaces was carried to verify
whether the slightly smaller geometrical area of the microhole
arrays (70% of the surface area of a thin Au film) had an impact
on the fluorescence response of the ELISA assay for PSA. At a
PSA concentration of 10 nM, the fluorescence response was
nearly identical for both plasmonic sensor at 2743 ± 20 counts
and 2855 ± 121 counts for the continuous gold film and the
microhole arrays respectively. Thus, microhole arrays were
used for both the SPR and fluorescence ELISA assays.
The optimization of experimental conditions was
performed with the capture of 5 nM PSA complex modified
with HRP. A solution containing AmplifluTM Red and hydrogen
peroxide was then injected into the SPR fluidic cell and
fluorescence was monitored in real-time through the PDMS
fluidic using the fluorescence unit mounted on the SPR
instrument. Different concentrations of AmplifluTMRed were
injected to optimize the response gained from the ELISA.
Fluorescence rapidly increased in the SPR fluidic cell to reach a
maximum within approximately 5 minutes (Figure SI4). The
ratio between AmplifluTMRed and hydrogen peroxide (1:200)
was always kept constant for this optimization. A slow
decrease in signal was observed after an incubation of about 4
and 7.5 minutes for the most concentrated solutions of
AmplifluTMRed at 50 and 100 µM, respectively. This can most
likely be explained by self-quenching of fluorescence due to
the accumulation of the fluorescent compound in the SPR
TM
fluidic cell. Decreasing the concentration of Ampliflu Red
injected from 100 to 10 µM improved the self-quenching issue,
however this resulted in a smaller fluorescent signal in
addition to a longer period of time required to reach the

Figure 7. Calibration of the fluorescence output for PSA detection using the SPRfluorescent ELISA assay. 100 µM of AmplifluTM Red was incubated for 30 s and 600
s with HRP. The response from the sensing channel is shown in blue squares (30 s
of reaction time) or black circles (600 s of reaction time) and the reference channel
is shown in red squares (30 s of reaction time) or green circles (600 s of reaction
time)
TM

maximum observed signal. A 100 µM Ampliflu Red solution
was thus chosen to obtain a large fluorescence signal over a
short period of time.
A short incubation time of 30 seconds was sufficient to
detect 0.1 nM PSA in the fluorescence assay using anti-PSA
modified with HRP, a detection limit comparable to the SPR
assays (Figure 7). The calibration revealed that the dynamic
range was from 0.1 to 5 nM and this was performed using
triplicate measurements. No response was measured from the
reference channel (Data points in green and red, Figure 7)
where a blank sample, which did not contain the PSA with antiPSA-HRP complex, was injected. The calibration curve fishhooked at higher concentrations of PSA and the fluorescence
response at 50 nM PSA was smaller than for 10 nM PSA. This
decrease in fluorescence was again very likely due to selfquenching of the fluorescent compound. Nevertheless, an
underestimation of the amount of PSA in solution could arise if
fluorescence was performed alone and so SPR detection could
in this case provide a useful control to the fluorescence data,
as SPR is still linear in this concentration range and does not
fishhook at high concentrations.
The sensitivity of the fluorescence-ELISA assay can be
improved with longer incubation times. Thus, the assay was
lengthened to 10 minutes instead of 30 seconds. An order of
magnitude in sensitivity was gained and detection limits of 10
pM were possible (Figure 7). Concentrations below 10 pM PSA
were not statistically different from the results obtained for
the reference channel and the limit of detection was
established at 10 pM for the ELISA-based fluorescence assay.
The comparison of SPR and the fluorescence-ELISA for PSA
revealed that both assays were sensitive for an overlapping
dynamic range for short ELISA incubation times. ELISA was
more sensitive if longer incubation times were used. The
combination of SPR and fluorescence had significant
advantages. Firstly, the dual detection of PSA with SPR and
fluorescence provides an imbedded validation, which increases
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the confidence of the results for concentrations where SPR
and fluorescence are both linear (0.1 to 5 nM). This
concentration range coincides with the clinically relevant
range for patients suspected of developing prostate cancer
(PSA levels above 150 pM). The second advantage concerns
the extended dynamic range accessible using the SPR-ELISA
assay. Using a single sample, set of reagents and set of
experimental parameters, SPR coupled to a fluorescence-ELISA
can quantify PSA concentrations ranging from 10 pM to nearly
50 nM. This dynamic range of the combined assay reached
nearly 4 orders of magnitude far exceeding the dynamic range
of a typical ELISA, which is in the region of 2 orders of
magnitude.

Conclusions
The combination of SPR and fluorescence was achieved
using a small and portable instrument proficient in the
detection of PSA. Analysis of this prostate cancer biomarker by
both SPR and fluorescence was achieved in a single
microfluidic at concentration level relevant for diagnostic. SPR
sensing provided real time analysis of biomolecule binding
events whereas the use of microhole arrays as the plasmonic
substrate allowed for the sensitive detection of PSA from 0.1
nM up to 50 nM within 2 minutes using a secondary antibody.
The microhole arrays provided a 2-fold increase in SPR
response. By introducing an HRP-modified secondary antibody
into the assay, fluorescent detection was achieved using the
modified SPR-fluorescence setup. This assay was more
sensitive than SPR and had a dynamic range starting at 10 pM,
which could be extended to 5 nM depending on the analysis
time. The dynamic range of both techniques overlapped from
100 pM to 5 nM and so concentrations within this range will
have an imbedded control. The dual SPR-fluorescence assay
described herein was effective in the detection of PSA
contained in a single sample at concentrations relevant for
clinical diagnostics (10 pM to 50 nM) with an analysis time of
12 minutes. Thus, the extended range of PSA concentrations
accessible to dual SPR-fluorescence detection covers that of
healthy patients and the elevated concentrations of patients
with prostate cancer. This setup could be extremely useful for
the rapid staging of this disease, detecting PSA concentrations
down to 0.1 nM.
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