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A laser line-scanning instrument was developed to optimize the near-field enhancement capability of a one-
dimensional photonic crystal (PC) for excitation of surface-bound fluorophores. The excitation laser beam is shaped
into an 8 ym x 1 mm line that is focused along the direction of the PC grating, while remaining collimated perpen-
dicular to the grating. Such a beam configuration offers high excitation power density while simultaneously provid-
ing high resonant coupling efficiency from the laser to the PC surface. Using a panel of 21 immunofluorescence
assays on the PG surface in a microarray format, the approach achieves an enhancement factor as high as 90-fold
between on-resonance and off-resonance illumination. The instrument provides a capability for sensitive and

inexpensive analysis of cancer biomarkers in clinical applications.

OCIS codes: 050.5298, 180.2520, 130.5296.

Photonic crystal (PC) surfaces can provide predictably
high enhancement of fluorescence as a result of ampli-
fied near-field and directional fluorescence emission
[1-7]. For bioassays involving analytes at concentrations
<1 pg/mlL, the ability to enhance fluorescence intensity
is desirable in order to reduce detection limits for a vari-
ety of surface-based fluorescent assays including DNA
microarrays and protein micro-arrays [8-10].

PC-enhanced fluorescence (PCEF) exploits the reso-
nant evanescent field that has an intensified local energy
density compared to the excitation light source. A reso-
nant mode of the PC is associated with a distinct
resonant wavelength (4,) and resonant coupling angle
(6,, ¢,). In our previous work, an illumination approach
using an expanded and collimated laser beam efficiently
coupled the light at 1, into the target resonant mode
[11,12] resulting in a fluorescence intensity enhancement
of 600x compared to performing an identical assay on an
unpatterned glass surface. While an expanded laser illu-
mination source enables imaging of a large field of view,
it provides relatively low power density compared to a
focused laser beam, thus compromising detection sensi-
tivity. This has prevented PCEF from significantly out-
performing conventional confocal scanners and further
lowering the detection limits for protein microarrays.
In this Letter we present a viable solution to address
this critical issue by utilizing a line-focused illumination
scheme. We discuss a new design criterion for PCEF in-
strumentation by independently analyzing the PC photo-
nic bands in two perpendicular planes. To demonstrate
the instrument’s fluorescence enhancement, we perform
a protein microarray scan for simultaneous detection of
21 cancer biomarkers.

A schematic diagram of the PC structure used in this
Letter is shown in Fig. 1(a). The one-dimensional (1D)
grating structure was fabricated using nanoimprint
lithography, which has been fully described in [4]. The
PC structure has a period of A = 400 nm, duty cycle
50%, and a grating depth of d = 50 nm. The grating

0146-9592/12/132565-03$15.00/0

© 2012 Optical Society of America

surface has a 130 nm thick TiO, dielectric thin film (re-
fractive index, n = 2.35). Under broadband illumination,
a highly efficient reflection represents a resonance at a
specific wavelength and a specific angle. The photonic
band diagrams of the PC were obtained by illuminating
the device with collimated broadband light from a tung-
sten lamp. A spectrometer (USB 2000, Ocean Optics) was
used to analyze the reflected light as a function of the
incident angle in each illumination plane. The measured
band diagrams are shown in Figs. 1(b) and 1(c) when
the angle of incidence is scanned from 0° to 12° in
¢ (y-= plane) and € (x-y plane) directions, respectively.
Figure 1(b) shows the resonant wavelength change
dramatically when the incident angle (6 =0° and
0° < ¢ < 12°) varies perpendicular to the orientation
of the grating. For a narrow bandwidth source, such
as a solid-state laser (linewidth ~1 nm at 4 = 639 nm),
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Fig. 1. (Color online) (a) Schematic of the PC structure (not to
scale). The grating is oriented along the x-axis; (b) Photonic
band diagram of the PC surface for ¢ = 0° and ¢ varied from
0° to 12°; (c) Photonic band diagram of the PC sensor for ¢ = 0°
and ¢ varied from 0° to 12°.
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a misalignment of the incidence angle by 0.1° with re-
spect to the resonant angle ¢, will reduce the coupling
efficiency to the PC by 10x. However, the photonic band
diagram in Fig. 1(c) exhibits very small angular depen-
dence (0.3 nm/ deg) along the @ direction. To efficiently
couple light into the PC structure, the excitation laser
source must match the resonance coupling condition
dictated by the band diagram. The 1D structure of the
PC chosen has a unique property that only demands
the excitation laser beam be collimated and tuned along
the ¢ direction, thus allowing focused illumination in the
6 direction. The consequence of this beam profile is
increased power density supplied to fluorescent dye
molecules and a subsequent improvement in the fluores-
cence signal strength.

A schematic of the detection instrument is shown in
Fig. 2(a). The excitation source is a single-mode fiber-
coupled semiconductor laser diode (AlGaAs, 35 mW,
A = 639 nm). Since the PC structure is sensitive to the po-
larization of incident light, we used a polarizer to orient
the polarization perpendicular to the direction of grating
structure. The output from the fiber is collimated by an
aspherical lens (L1, f;; = 30 mm) and then focused by
a cylindrical lens (C1, f-; = 6.35 mm) at the focal point
of L1 to a line 8 ym x 2 mm. The beam profile of the line
is shown in Fig. 2(b). The profile along (z-direction) and
across (x-direction) the line is plotted in Fig. 2(c), showing
the expected Gaussian line shape in the direction of focus.
The intensity variation across the line is <20%. The output
end of the fiber is positioned at the focal plane of L1.
Translation of the fiber in the direction perpendicular
to the orientation of the grating enables adjustment of
the incident angle (¢) from 0° to 20° with an accuracy
of 0.02°. The incident angle in terms of the displacement
(Ad) is given by ¢ = tan"1(Ad/f ;).

The line-shaped laser beam is orientated perpendicular
to the PC grating. The power density of the beam is
~250x greater than the collimated-illumination instru-
ment described previously [11]. The fluorescence emis-
sion is collected by a 2x objective lens (N.A. = 0.06) and
quantified by an air-cooled linear CCD camera. The PC is
placed on a motorized sample stage (MS2000, Applied
Scientific Instruments) and translated perpendicular to
the laser line for a fast scan (750 lines/second). The
fluorescence image is constructed by sequential scanning
across the sensor in 8 ym increments. A pixel resolution
of 8 ym x 8 ym was used for all the fluorescence images
reported in this Letter.

In Fig. 2(d) we characterize the fluorescence signal
and the laser transmission efficiency through the PC
as a function of ¢. Coupling efficiency (lower transmis-
sion efficiency) with the PC directly influences fluores-
cence output.

As a demonstration, we performed a microspot immu-
nofluorescence assay. The PC was prepared by immobi-
lizing capture antibodies [shown in Fig. 1(a)] for 21
breast cancer biomarkers. The specific details of the
microarray preparation and sandwich assay procedure
(including the concentrations of specific antigens
used) can be found in [8]. In brief, following the
application of 3-glycidoxypropyl-trimethoxysilane using
a vapor-phase deposition system, capture antibodies
were diluted in phosphate buffered saline (PBS) to a
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Fig. 2. (Color online) (a) Photonic crystal enhanced line-
scanner schematic; (b) Image of the line on a two dimensional
CCD showing a narrow tightly focused line; (c¢) The intensity
profile along the line and across the line. The line has a Gaus-
sian profile in both directions; (d) A curve showing a compar-
ison of the coupling efficiency to the resonant mode for a line
focused beam and the corresponding normalized fluorescence
signal.

concentration of 0.8 mg/ml. Four replicate spots per
assay were printed in each array on a 1 in. x 3 in. quartz
PC slide using a noncontact printer. After a blocking step,
the slide was incubated with a mixture of biomarkers
(Table 1) and 0.1% casein in PBS with gentle agitation
overnight. The slide was then incubated with a mixture
of biotinylated detection antibodies at 25 ng/ml in
PBS-tween (PBS-T) with mild agitation. Next the slide
was incubated in a solution of 1 ug/ml SA-Cyb in
PBS-T. Finally, the slides were washed and dried.

The fluorescence enhancement capability of the line-
scanning setup is demonstrated in the context of this
microarray experiment. Fluorescence measurements
were performed with the illumination angle configured
for on-resonance or off-resonance excitation. The bio-
marker analytes and the respective concentrations are
all listed in Table 1. The fluorescent images [shown in
Figs. 3(a) and 3(b)] consist of 2082 pixels x 2016 lines



Table 1. Antigens and Concentrations
Antigen Abbr. Conc. ng/ml
Amphiregulin AmR 3.33
Basic fibroblast growth factor bFGF 3.33
CDh14 CDh14 16.67
Epidermal growth factor EGF 0.83
Epidermal growth factor receptor EGFR 4.17
E-selectin Esel 4.17
Heparin-binding epidermal growth HBEGF 0.83
factor
c-erbB-2 extracellular domain HER2 8.33
Hepatocyte growth factor HGF 1.67
Intercellular adhesion molecule 1 ICAM 16.67
Insulin-like growth factor 1 IGF1 3.33
Matrix metalloprotease 1 MMP1 16.67
Matrix metalloprotease 2 MMP2 8.33
Matrix metalloprotease 9 MMP9 8.33
Platelet-derived growth factor AA PDGF 1.25

Prostate specific antigen PSA 1.67
Regulated on activation normal 7" cell RANTES  0.83
expressed and secreted

Transforming growth factor alpha TGFa 0.83
Tumor necrosis factor alpha TNFa 1.67
Urokinase-type plasminogen receptor uPAR 8.33
Vascular endothelial growth factor VEGF 3.33

with 16 bit grayscale resolution. The illumination angle
was first tuned to ¢ = 20° and the microarray was
scanned to obtain an off- resonance measurement. To
perform the on-resonance measurement, the excitation
angle (¢) was tuned to a value of ¢p = 7°. Figure 3(c) also
shows the fluorescence signal for both the on- and off-
resonance cases on an assay-by-assay basis. Threshold
values for detection above background noise for both the
on- and off-resonance cases are indicated by the two
horizontal lines on Fig. 3. In order to calculate the thres-
hold values, it is necessary to characterize noise in terms
of the standard deviation of the background signal. The
background signal was defined as the localized intensity
outside of the printed antibody spots. Each threshold
value was calculated as three standard deviations above
the average background signal. Selection of laser power,
CCD gain, and integration time that allows measurement
for both the on-resonance and off-resonance illumination
is difficult. In Fig. 3(c), it is observed that while many
assays in the off-resonance case are below the detection
threshold, many on-resonance assays provide fluores-
cence intensity that is greater than the maximum
intensity of the CCD. Considering only the assays that
do not display a saturated response, the signal enhance-
ment due to on-resonance illumination is ~90x.

We have reported on a new approach for optimized PC
enhanced fluorescence. Our selection of a line-focused
illumination approach is based on our analysis of the
PC photonic bands. We highlighted the various critical
design considerations that need to be addressed for op-
timal interfacing between a 1D PC and a line-focused
illumination source. By using a microspot immunofluor-
escence assay on a PC, we demonstrated a raw signal
enhancement of 90x. This enhancement factor is due
only to the PC “enhanced excitation” effect, and does not
include the additional effects of PC “enhanced extrac-
tion” of emitted photons, which has been shown to
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Fig. 3. (Color online) The images of the 21 assays are shown
for both (a) on- and (b) off-resonance illumination; (c) The sig-
nal intensity on- and off-resonance for each assay measured
using the developed line-scanner. The on-resonance and off-
resonance signal thresholds are indicated.

provide an additional ~10x enhancement factor
[1,4,13]. This significant improvement in signal output
is a consequence of the efficient coupling that is between
a PC and the carefully designed line-scanning instrument.
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