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Abstract: By combining photonic crystal label-free biosensor
imaging with photonic crystal enhanced fluorescence, it is possible to
selectively enhance the fluorescence emission from regions of the PC
surface based upon the density of immobilized capture molecules. A
label-free image of the capture molecules enables determination of
optimal coupling conditions of the laser used for fluorescence imaging
of the photonic crystal surface on a pixel-by-pixel basis, allowing
maximization of fluorescence enhancement factor from regions
incorporating a biomolecule capture spot and minimization of
background autofluorescence from areas between capture spots. This
capability significantly improves the contrast of enhanced fluorescent
images, and when applied to an antibody protein microarray, provides
a substantial advantage over conventional fluorescence microscopy.
Using the new approach, we demonstrate detection limits as low as
0.97 pg/ml for a representative protein biomarker in buffer.
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1. Introduction

Fluorescence is one of the most widely used detection modalities for gene expression
analysis, DNA sequencing, disease biomarker diagnostic tests, and cell imaging due to
the ability for high quantum efficiency tag molecules or nanoparticles to provide
excellent signal-to-noise ratio. Many fluorescence-based assays are performed upon
solid surfaces, such as glass substrates, upon which immobilized molecules selectively
capture analyte molecules from a test sample. Such assays can be readily multiplexed
in a microarray format, in which capture molecules are applied to a substrate in
distinct spots, enabling detection of many genes (for a DNA microarray) [1-5] or
disease biomarkers [6-11] simultaneously. In conventional fluorescent microarrays
performed upon glass substrates, the analyte is tagged with a fluorescent dye, and a
focused laser beam is scanned across the array surface to generate an image of
fluorescent output as a function of position. Despite the sensitivity afforded by this
approach, there is a need to further reduce the limits of detection for microarray
analysis in order to observe the presence of genes that are expressed at low levels and
to detect disease biomarkers present at lower concentrations. As a result, there is a
great deal of interest in techniques that can increase the sensitivity of fluorescent
assays through the use of nanostructured optical surfaces that can locally enhance the
electromagnetic fields that excite fluorescent emission and to more efficiently couple
fluorescent photons to a detection system. Such approaches are broadly referred to as
demonstrating enhanced fluorescence (EF).

Several approaches have been investigated for EF. Metal nanostructures can
efficiently couple an external laser light source to substrate-immobilized fluorophores
through surface plasmons that generate localized regions with enhanced electric field
intensity[3, 5, 12-14]. When fluorescent molecules are placed close to the regions of
these intensified electric fields, a subsequent enhancement in fluorescence emission by
10-100x has been reported. Despite the ability of metal-based nanostructures to
generate evanescent fields, the application of plasmon-based EF has been limited by
the absorption of light at optical wavelengths (which limits resonant quality factor and
thus the potential electric field enhancement factor) [15, 16], and by quenching of
fluorescent molecules that are in close proximity to metal [17].

An alternative approach to EF utilizes dielectric-based optical resonator surfaces, such
as photonic crystals (PC). PC surfaces have demonstrated the ability to provide higher
quality factor (Q~1000) optical resonances than surface plasmons [18-20], a lack of
quenching [21], and the ability to obtain enhancement factors as high as 7500x [18].
PC enhanced fluorescence (PCEF) has been performed upon plastic-based [19] and
quartz-based [18] surfaces that can be inexpensively fabricated over large areas (i.e.
entire 1x3 in® microscope slides or 3x5 in”* microplates) by nanoreplica molding [22-
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24] or nanoimprint lithography [25, 26]. A PC may be designed with multiple
resonances that couple with both the wavelength of fluorescent excitation and the
wavelength of fluorescent emission, so that the mechanisms of enhanced excitation
(increased local electric field at the PC surface) and enhance extraction [20] (increased
collection efficiency of emitted photons) can operate simultaneously with
multiplicative effects [18, 19, 27-29]. Microarray assays performed upon PC surfaces
may be measured by conventional commercially available confocal laser scanners [30,
31], but greater enhancement factors have been demonstrated using custom designed
detection systems that utilize collimated laser illumination rather than focused
illumination [28]. PCEF has been applied to large DNA microarrays used for gene
expression analysis [30], and to protein microarrays for detection of breast cancer
biomarkers in serum [32].

PC optical resonances have also been exploited as a platform for label-free (LF)
detection. The incorporation of biomolecules into the evanescent field region of the
PC results in a positive shift of the resonant wavelength (for a fixed incident angle)
[33-35] due to the increased dielectric permittivity of biomolecules with respect to
water. An alternative method for LF detection on a PC surface that allows high
resolution imaging of surface-based biomolecular interactions is to measure a shift in
the resonant coupling angle, when illuminating the PC surface with a fixed wavelength
from a laser [28, 36]. A microscope-based detection instrument for label-free imaging
the density of immobilized microarray capture spots [32, 36] and cells [29] has been
demonstrated by detecting shifts in the Angle of Minimum Transmission (AMT) as a
function of position upon a PC surface with ~3x3 um? pixel size.

The fact that the resonant coupling conditions of a PC shift due to the presence of
immobilized biomolecules poses a unique challenge and opportunity for fully
exploiting PCEF. Obtaining the greatest possible enhancement factor for enhanced
excitation requires that the PC be illuminated at the precise wavelength/angle
combination for optimal resonant coupling. While high quality-factor PC resonances
yield the greatest enhancement factor [37], they also have the most stringent coupling
condition. For example, previous work has shown that illumination of a PC surface at
the optimum coupling angle/wavelength results in a ~100x enhancement factor, while
a 0=0.4° incident angle deviation reduces the enhancement to only 10x [37], and a
deviation of 6=1.2° completely eliminates the enhancement. The regions of a PC
surface with a high density of immobilized capture molecules, such as the capture
spots of a microarray, have very different coupling conditions than the regions of a PC
surface between the capture spots. Therefore, it is possible to selectively obtain a
large enhancement factor from the capture spot regions of a microarray by
illuminating them in an optimal “on-resonance” condition, while at the same time
illuminating the regions of a microarray between the capture spots in an “off-
resonance” condition. In this way, the fluorescent signal emitted from active assay
regions of the surface can be maximized, while the background fluorescence between
spots can be minimized, thereby substantially improving image contrast. The problem
of obtaining optimal and equal excitation conditions for an entire microarray is further
exacerbated by the fact that the biomolecular density of immobilized capture spots is
not completely uniform due to a variety of factors that include spot buffer
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concentration variability, capture spot density nonuniformity, surface chemistry
nonuniformity, capture molecule binding affinity variation, analyte molecular weight,
and analyte concentration in the test sample. As a result, no two spots in a microarray
are guaranteed to have the same optimal resonant coupling condition, and optimally
resonant conditions can even vary within a single spot.

In this work, we demonstrate a detection instrument and image processing approach
that takes full advantage of the optimally available enhancement factor for a PCEF
surface for every location of a PC surface. The method utilizes a label-free image of
the microarray capture spots to identify the locations of an array surface that are
within a capture spot, and to differentiate “on-spot” regions from those that are
“between spots.” To obtain optimum on-resonance coupling for the entire microarray
in the presence of differences in immobilized spot density, a series of fluorescent
images are rapidly gathered using a range of incident angles separated by small angle
increments. An image processing algorithm is applied that generates a composite
fluorescent image in which the maximum fluorescent intensity is selected for on-spot
regions on a pixel-by-pixel basis, while between-spot regions are displayed using data
collected in an off-resonance condition. The method is demonstrated to substantially
improve the contrast of microarray images while maximizing the uniformity of the
fluorescent image through the application of a uniform enhancement factor. The
method provides substantial gains in signal to noise for the cases where assays are
specific and background fluorescence is low. However, in most biological assays,
issues of high substrate autofluorescence, background fluorescence from blocking
reagents and non-specific binding can minimize the gains in signal-to-noise ratio
(SNR) provided by the PC’s enhancement capabilities. In such situations, selective
enhancement is desirable to maximize image contrast and nullify the effects of non-
specific binding.

The outline of this paper is as follows: Section 2 describes the basic functions of label-
free imaging detection and fluorescence enhancement of the photonic crystal enhanced
microscope (PCEM). Section 3 describes the scheme to generate a mask that selects
the area for applying enhanced fluorescence detection. Section 4 implements this
technique for characterizing the fluorescent antibody microarray on the PC surface.
Using tumor necrosis factor-alpha (TNFa) as an example protein biomarker, the
advantage of selectively enhanced fluorescence is demonstrated with reduced limit of
detection for a small microarray. Section 5 presents this study’s conclusions.

2. Photonic crystal device structure and dual mode LF-EF detection instrument
2.1 Photonic crystal device structure fabricated by nanoimprint lithography

A schematic diagram of the PC surface is shown in Figure 1a. The sub-wavelength
grating is fabricated on a quartz substrate with refractive index of n=1.46. On top of
the grating, a layer of high refractive index (n=2.35) TiO, dielectric material is
deposited as a light confinement layer that supports establishment of optical
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resonances. The electrical field associated with the resonant mode extends from the
device surface into the surrounding medium. The wavelength and angle of incidence
of the resonant modes is determined by the geometry of the structure. In this study,
the PC structure was designed to exhibit strong optical resonances at two specific laser
wavelengths, A=633 nm and A=690 nm. As described in Section 2.2, the A=633 nm
resonance will be used for fluorescence excitation, while the A=690 resonance will be
used for label-free detection. To efficiently couple both lasers with the PC, the
geometric parameters were determined by rigorous coupled wave analysis (Diffract
Mod, Rsoft Design) with a grating period of A=400 nm, grating depth of d=50 nm,
30% duty cycle, and t=140 nm thick TiO, coating. The PC surface was fabricated
over microscope-slide-sized quartz substrate (25%75 mm) by nanoimprint lithography
as described in a previous publication [18]. An SEM image of a cross section of the
PC surface is presented in Figure 1b.

Figure 1. (a) Schematic diagram of the PC surface. The grating structure is patterned on a quartz substrate with period
and duty cycle of 400 nm and 50%, respectively. (b) Cross sectional SEM image of the PC. (c) A photograph of a full
1x3 in’ PC device.
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Figure 2. Simulated dispersion diagram for the PC structure of Figure 1. The plot shows minima in transmission
efficiency (corresponding to on-resonant coupling) at A=690 nm and A=633 nm for particular angles of incidence.

In order to predict the resonance modes, the transmission efficiency of the PC
structure was simulated in the wavelength range of A=600-800 nm and the incident
angle was varied from 0°<0<20°. The device resonance condition is identified by
measuring the dip in the transmission efficiency when the PC is subjected to
broadband illumination. By plotting the transmission efficiency as a function of
wavelength and incident angle, Figure 2 describes the photonic band diagram of the
PC surface shown in Figure 1. The photonic band diagram elucidates the conditions to
be used for LF measurement and the optimal conditions for PCEF. For example,
fluorescent excitation from a laser with A=633 nm needs to be coupled at an incident
angle of 8 =10.7°. This mode was chosen for fluorescence imaging since the target
dye molecules (Cyanine-5 and LD-700) absorb strongly at this wavelength. The other
resonant mode at A=690 nm requires a near-normal incident angle of 6=0.7° for label-
free detection.

2.2 Apparatus for dual-mode LF-EF detection

Figure 3 shows a schematic of the PC enhanced microscope (PCEM) that combines
the label-free and enhanced fluorescence imaging capabilities using a PC substrate.
Two lasers are used in the system. A 35 mW HeNe laser (CV Melles Griot) at
A=632.8 nm was chosen to function as the excitation light source for fluorescence
imaging and a 50 mW AlGaAs semiconductor diode laser (Crystal Laser) emitting at
A=690 nm was used for the label-free modality. A dichroic mirror (Semrock) is used
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to combine the two laser beams along a common path. The setup controls the angle of
incidence for excitation light by employing a computer controlled rotational mirror
and a linear translation stage beneath the PC. The incident angle can be tuned between
0=0° and 20° in increments as low as 6=0.005°. Both imaging modalities require the
incident angle to be tuned. In the label-free mode, we tune the incident angle from
0=0° to 3° to cover the resonance angles over the entire field of view. For enhanced
fluorescence imaging, the angle of incidence is scanned between 6=10° and 13°. For
each modality, assuming we capture a sequence of 400 images at increments of 0.01°,
the time required to capture each frame is approximately 12 seconds. This translates to
a time of 9 minutes to scan a PC-microscope slide with a total of 48 frames of 2x2
mm’. The PC is held on a computer controlled x-y translation stage that allows the
entire PC surface to be imaged in a tiled fashion, with adjacent fields of view
compiled together to create an image of the entire PC.

The imaging collection part of the setup was built upon an Olympus BX-51 upright
microscope with a 4x objective (N.A.=0.1, Olympus PLAN N) and electron
multiplying CCD camera (9100-13, Hamamatsu). For fluorescence imaging, a
bandpass emission filter (Semrock) is used. The filter blocks the light for the laser
with A=633 nm (fluorescence excitation) with optical density of 7 but transmits the
lighg from the A=690 nm laser (label-free imaging). A single field of view is ~2x2
mm”.

690 nm Filter
632.8 nm

Laser 690 nm
Laser

Objective

Polarizer

Photonic
Crystal Beam
Expander

Tunable

Mirror Diffuser

Polarizer

Beam
Expander

Dichroic
Mirror

Mirror

Figure 3. Schematic diagram of the PCEM using A=633 nm and A=690 nm lasers.

The implementation of the PCEM is ideal for combined enhanced fluorescence and
label-free imaging owing to several important features. First, it uses a common beam-
path for both imaging modes, facilitating acquisition of spatially registered images of
fluorescence and surface-bound molecular density. Second, the use of a A=690 nm
laser for label-free detection allows for rapid sequential image capture while
eliminating the potential for photobleaching of fluorescent dye during label-free
imaging. Third, the use of a charge-coupled device (CCD) rather than laser scanning
imaging simplifies the optical setup and enables large-area, high-resolution and high-
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throughput analysis. Fourth, a high-resolution motorized gimbal-mounted mirror and
beam-expanded laser provide efficient and selective light coupling to the PC, which is
especially crucial for the narrow resonances that provide optimal fluorescence
enhancement and sensitive label-free detection. Lastly, other imaging techniques
available on the microscope, such as reflected brightfield and differential interference
contrast, can be overlaid with enhanced fluorescence and label-free images.

3. Selective fluorescence enhancement on PC substrate

It has been demonstrated that the PC surface has the capability to enhance
fluorescence emission from dye molecules located within the evanescent field of the
PC structure [21]. While the emission from fluorescent-tagged molecules is enhanced,
the same resonant near field will also enhance the output of any other fluorescent
emitter that resides within the evanescent field, resulting in elevated “background”
fluorescent signals. The background signals associated with the PC structure can
include fluorescence from tagged molecules attached by nonspecific binding, surface
chemistry layers, the TiO,, and the substrate. This background coexists with the
fluorescence emission from molecules that we wish to detect, resulting in loss of
contrast. Generally, capture molecules (single strand DNA or antibodies) are applied
as an array of “spots” (50-500 wm diameter) in which the fluorescent signal from
tagged analyte molecules are measured. We are therefore most interested in the signal
obtained within the spot regions, and not interested in the fluorescent intensity in
regions between the spot regions. This section describes the scheme applied to avoid
fluorescent enhancement in regions between capture spots. The method relies on the
recognition of an area of interest (AOI) via label-free imaging detection of the capture
molecule spots deposited on the PC surface. The label-free detection relies on
monitoring changes in the optical resonance angle of the PC as capture molecules are
attached to the PC. The area in which capture molecule spots are present is defined as
the AOI and identified as the region that requires fluorescence signal enhancement.

As an illustration of this approach, we used photolithography to create a high contrast
pattern (in the image of George Washington) on the PC surface with two distinct
resonant coupling conditions via deposition of a 10 nm SiO, thin film only in the
transparent regions of the image. The SiO; layer shifts the resonant angle of the PC by
a small amount relative to regions without added SiO,. After patterning, a uniform
layer of fluorescent dyed polymer film is applied over the entire PC. By
differentiating two distinct regions (with SiO, or without added SiO,), we demonstrate
that it is possible to selectively obtain fluorescent enhancement from either region
through proper adjustment of the illumination angle of the A=633 nm laser.

3.1 Label-free imaging using the PC

In order to generate a label-free image of the deposited SiO, pattern, we first captured
a sequence of images of the PC illuminated by the A=690 nm laser with the angle of
incidence varying from 6=0° to 2°. The images are used to record changes in
transmission intensity at each angle. The resonant angle is the designated angle of
minimum transmission (AMT) of incident light through the PC. This AMT is
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computed for each pixel in the image stack by fitting the transmission versus angle
data with a polynomial function and finding the angle corresponding to the minima of
the fitted curve [28]. The spatial distribution of AMT represents a label-free image of
the SiO, density, and is analogous to the density of deposited biomolecule capture
spots.
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Figure 4. (a) Label-free image of the PC with a pattern of deposited 10 nm SiO, film. The image clearly highlights the
variation in resonance angle in the transparent and opaque areas of the pattern Our selection of a negative control
region is highlighted with a white dashed box. (b) Transmission spectrum of the pattern showing the difference in
angle of resonance (minima in transmission) for the areas with and without additional SiO,. More SiO, gives a larger
resonance angle. (c) Histogram showing the distribution of resonance angle versus the number of pixels used to make

our selection of the threshold angle. The inset image shows the mask generated by using the threshold set by 0rs =

1.28 °. The green region has a resonance angle above the threshold angle and the yellow region has a resonance angle
below the threshold angle.

The resulting label-free image of the SiO, pattern is shown in Figure 4a. It can be seen
that the resonant angle ranges from 6=1.07° to 1.65°. The difference in the resonant
angle between the two regions is 0~0.35°. Figure 4b shows the transmission spectra
measured on and off the pattern, demonstrating a clearly measurable change in the
angle of resonance. As shown in Figure 4c, the resonant angle can be used to generate
a “mask” that bins each pixel into a region identified as with/without additional SiO,
based on selection of a resonant angle threshold. In order to calculate the threshold
angle 014, we selected a background region known not to contain capture spots on the
AMT image as our control. The average angle and the standard deviation in the angle
were calculated for the control region. A threshold angle was determined as angle
three standard deviations above the average background angle. It is important to note
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that if the separation between the “on spot” and “between spot” regions is less than
three standard deviations of the variation in the control region for that frame, this
technique is not applicable. The fluorescence excitation laser illumination conditions
can then be selected to be “on-resonance” with only one region for enhanced
fluorescence, while the other regions is illuminated under “off-resonance” conditions.
This capability is shown in Figure 5, in which the entire PC is coated with a uniform
fluorescent polymer thin film (~50 nm film of SU8 doped with LD-700 dye applied by
spin-coating), but either region can be enhanced based on selection of the fluorescent
illumination angle.

To optimize image contrast for a selected region, we capture a sequence of
fluorescence images over a range of angles to ensure that we always achieve the
resonant coupling condition for each pixel somewhere within the range and thus the
maximum possible fluorescence signal from each pixel. To generate a selectively
enhanced “signal” fluorescence image we choose the maximum fluorescence signal
value for every pixel above the threshold and the minimum value for every pixel
below the threshold. To generate a selectively enhanced “background” fluorescence
image we choose the minimum fluorescence signal value for every pixel above the
threshold and a maximum value for every pixel below the threshold. Figures 5c and 5d
show the fluorescence images after the mask (shown in Figure 5a and 5b) was applied
to the sequence of fluorescence images. We notice a clear enhancement in the contrast
of our image showing the efficacy of the technique.

(a) 8 = 11.52° (b) 8 = 11.90°

Figure 5. (a) Fluorescence images taken at single angle @ = /7.52 ° where the region with the SiO,
coating satisfying resonant condition (b) Fluorescence images taken at single angles 6 = 11.9 ° where

the region without SiO, coating is satisfying the resonant condition. (c) Selectively enhanced “signal”
fluorescence image showing superior contrast to (a). (d) Selectively enhanced “background”
fluorescence image showing superior contrast to (b).
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Similar to this example, there is a distinct difference between the on-spot and
between-spot regions of a microarray that can be measured using label-free imaging of
the capture spot density. The difference in AMT between on-spot and between-spot
regions can be used to select a threshold that can be used to selectively enhance
fluorescence from the regions of a microarray within a capture spot.

4. Application to a Cytokine Immunoassay

The developed fluorescence detection approach is especially useful for protein and
DNA microarray applications that require highly concentrated capture proteins or
oligonucleotide probes. One such application is the sandwich “Enzyme Linked
Immunosorbent Assay” (ELISA). The sandwich ELISA in a microarray format is well
suited for clinically relevant analyses [38, 39]. This is because the sandwich ELISA is
the standard assay used in the clinic for analyzing low-abundance proteins in complex
biological fluids such as blood. Like the clinical assays, the ELISA microarray assays
are exceptionally sensitive, being able to accurately quantify proteins down to the
single-digit or sub-pg/ml concentrations [39]. The assay is performed by deposition of
array of antibody capture spots upon a substrate (such as glass, or alternatively a PC),
using several replicate spots per antibody to enable observation of experimental
variability. After a “blocking” step that covers the substrate surface with molecules
that inhibit subsequent nonspecific binding, the chip is exposed to the test sample,
providing opportunity for analyte molecules to bind with their corresponding capture
antibodies [40, 41]. Biotin-linked secondary antibodies for each of the assays are
combined and exposed to the chip as a mix, where they bind an unoccupied epitope of
the targeted captured antigen. The final assay step is introduction of fluorophore-
labeled streptavidin that attaches only to the biotinylated detection antibodies. Full
details of the procedure have been published in several papers [6, 31, 32, 38-44].

As an illustrative example of the application of our selective fluorescence
amplification approach to a sandwich ELISA, an antibody microarray chip was
prepared by immobilizing capture antibodies for the cancer biomarker TNF-a using a
spotting buffer solution with a high concentration. On a PC chip, the regions with
immobilized capture antibodies exhibit large resonance shifts that are detected and
quantified by the label-free imaging mode of PCEM. By analyzing the recorded label-
free image, the capture antibody spots are recognized and assigned as the AOIs to be
selectively enhanced for fluorescence detection.

In preparation for the assay, epoxysilane-based surface chemistry was applied to the
PC surface by a vapor-phase deposition of 3-glycidoxypropyl-trimethoxysilane [32] in
a vacuum oven. The PC surface was divided into 6 separate regions by drawing ~2
mm wide hydrophobic barriers between arrays with a hydrophobic pen (Super HT Pap
Pen, Research Products International Corp.). As an immobilized capture molecule, the
antibody for TNF-a was diluted in phosphate buffered saline (PBS) to a concentration
of 0.8 mg/ml and 9 replicate spots per assay were printed in each array on PC slides
using a noncontact printer (Piezorray, Perkin Elmer). Following printing, the slides
were incubated overnight in a humid chamber maintained at 4°C. The slides were then
blocked in a solution of 1% casein (Bio-Rad) in PBS for 1 h at room temperature. To
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generate a dose-response curve, a four-fold dilution series of the TNF-o antigen
(BioRad) in PBS for a total of six concentrations (1000 pg/ml, 250 pg/ml, 62.5 6g/ml
15.6 pg/ml, 3.9 pg/ml and 0.97 pg/ml) was added onto the slide surface. After
overnight incubation at room temperature, the PC was washed in PBS-T, followed by
incubation with biotinylated secondary detection antibody for TNF-a at 200 ng/ml in
PBS-T for 2 h. The PC was washed with PBS-T to remove excess secondary
antibodies and was incubated in a solution of 1 pg/ml streptavidin-Cyanine 5 (GE
Healthcare) in PBS-T for 30 min. Finally, the slides were washed in PBS-T, and blow
dried to remove standing liquid.

To identify the capture spots on the PC, the slide was scanned using the PCEM in the
label-free mode. The incident angle of the A=690 nm laser was scanned from 6=0° to
3° which covered the resonant angles of the both spot resonance and background
resonance. The label-free image (AMT map) of the PC is shown in Figure 6a. The
region spotted with capture antibody has resonant angle between 6=0.50° and 1.62°,
while the resonant angle of the background area ranges from 0=1.05° to 1.75°. In
order to discriminate the spots from background, we set the AMT threshold (from left
to right in Figure 6¢) as 014=1.62°, 1.30°, 1.05°, 1.10°, 1.00° and 1.20° respectively
for each imaged field of view. If a pixel on the label-free image has an AMT value
smaller than Ora, this pixel will be recognized as a pixel in the on-spot region. As
described in the previous example, the AMT threshold provides a criterion to generate
a mask for the consequent fluorescence measurement. (It is important to note here that
the threshold angle is determined by the relative position of the PC resonance peak at
normal incidence with respect to the excitation wavelength of 690 nm. This peak
position is altered to higher wavelength values by any alteration to the effective
refractive index of the PC. In the previous example the position of the resonance peak
at normal incidence was above 690 nm. Thus, adding extra SiO, caused the peak to
shift further away from 690 nm resulting in a larger resonance angle to achieve
coupling in the regions with more SiO,. For the present case, the device used had a
resonance peak, at normal incidence, below 690 nm. Therefore, the presence of
additional material, TNF-a spots, resulted in a peak closer to 690 nm thereby needing
a smaller resonance angle to achieve coupling.) The fluorescence images were
acquired with the A=632.8 nm laser, for which the resonant angle of the PC lies
between 0=9.75° -10.25°. A series of 51 fluorescent images were recorded with
excitation angle varied between 6=9.5° and 10.5°. At 6=10.0° (which is close to the
resonant angle of the spotted area), the fluorescent image is shown in Figure 6b.
While applying the pre-generated mask, only the signals from the spotted region were
enhanced. Figure 6¢ shows the selectively enhanced fluorescence image. Compared
with Figure 6b, the spot-to-spot signal intensity in Figure 6¢ is more uniform for any
given frame and background signal is lower.
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Figure 6. TNF-a detection performed on a PC using a sandwich ELISA assay. The antigen concentration
decreases from left to right. (a) Label-free image of the PC surface showing the presence of capture antibody

spots on the sensor. (b) Fluorescence detection at a single resonance angle of 10° after assay is completed. (c)
Fluorescence detection using the masked detection for the same PC surface showing improved contrast,
recognition and uniformly higher fluorescence output.

To quantify the spot and slide background intensities, an image processing software
package (Imagel) was used. The average fluorescence intensity was measured from all
nine spots for each concentration, and the standard deviation was calculated. The
measured data for fluorescence detection with and without applying the label-free
mask are compared in Figure 7. It is evident that the fluorescence signal measured at a
single angle for the concentrations of 3.9 pg/ml and 0.97 pg/ml are indistinguishable.
However after applying the masked detection, the fluorescence signal measured at
0.97 pg/ml is distinctly different than that of the 3.9 pg/ml TNF-a concentration. It
can also be inferred that while the minimum detectable concentration for single-angle
fluorescence detection is greater than 3.9 pg/ml, the masked detection method reduces
the lowest detectable concentration below 0.97 pg/ml.
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Figure 7. Plot comparing the fluorescence intensities versus concentration of TNF-a for a

measuremnet performed at a fixed angle of 10° and a scanned-angle measurement using the
masked detection method.

5. Conclusion

We have developed and demonstrated a scheme to selectively enhance fluorescence
emission on a PC surface from regions that contain capture molecules, such as those
used in DNA or protein microarrays. This approach is possible because the capture
molecules, deposited with a high surface mass density, will modify the resonant
coupling conditions that are used to obtain enhanced fluorescence. Thus, on-spot and
between-spot regions can be selectively illuminated under on-resonance or off-
resonance conditions. The label-free image of the capture spot density is quantified by
generating a spatial map of the Angle of Minimum Transmission (AMT) from the PC
surface, which is used to distinguish on-spot and between-spot regions using a user-
defined AMT threshold. In order to avoid photobleaching during the label-free
imaging process, a longer wavelength laser excitation source was selected with
photons of insufficient energy to excite fluorescence. The photonic dispersion
diagram was used to reveal the relationship between the incidence angle and
wavelength of the excitation beam, and selection of incident angles for label-free
imaging and fluorescent imaging. During fluorescence measurement, a series of
fluorescence images are gathered over a small range of angles, assuring that every
on-spot region is illuminated under optimal coupling conditions in order to maximize
the fluorescent enhancement factor on a pixel-by-pixel basis. A simple image
processing approach is used to generate a composite fluorescent image from the angle-
scanned individual images.

The approach described in this work can be broadly applied to any surface-based
fluorescence assay performed on a PC to improve image contrast, to reduce assay CV
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caused by myriad sources of spot-to-spot variability, and to lower limits of detection.
One such assay is the fluorescent sandwich ELISA, which is a commonly used format
for multiplexed detection of cancer biomarkers in serum. We illustrated the
application of our imaging approach using an assay for the cancer biomarker TNF-a.
Compared to assay data obtained with a fixed incidence angle for fluorescence
detection, the new scheme helps to lower the limit of detection from 3.9 pg/ml to 0.97
pg/ml with the promise of going even lower.
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