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Abstract—Photonic crystal enhanced fluorescence (PCEF)
has been demonstrated as an effective means for amplifying
the excitation provided to surface-bound fluorescent molecules
while simultaneously enhancing fluorescence emission collection
efficiency. Optimal coupling of a fluorophore-exciting light source
to the PC occurs with the use of collimated plane waves, as utilized
in a special-purpose fluorescence microscope specifically designed
for coupling with PCEF surfaces. However, PCEF surfaces are
also capable of coupling light from focused sources, such as those
used in commercially available confocal laser scanners, but with a
reduction in the obtainable enhancement factor. Using computer
simulations and experimental measurements, we describe the
interaction between the resonant bandwidth of a PCEF device
surface and the optical design of the detection instrumentation
that is used to provide fluorescence excitation. We show that
highly collimated illumination is required for achieving the
greatest PCEF enhancement factors, but at the expense of poor
tolerance to nonuniformities in resonant wavelength across the
PCEF surface. To overcome this limitation, we demonstrate a fixed
wavelength/multiple incident angle scanning detection system that
is capable of measuring every pixel in a PCEF fluorescence image
under conditions that optimize resonant excitation efficiency.

Index Terms—Fluorescence, microscopy, photonic crystals.

1. INTRODUCTION

LUORESCENCE has emerged as a useful tool for
F imaging and detection in medical and biological sci-
ences due to its excellent sensitivity, wide availability of dye
molecules, ease of application to broad classes of biomolecules,
and robust detection instrumentation. The major limitation of
fluorescence is the strength of signals that can often limit
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visualization and quantification of low concentration analytes
in numerous fluorescence based assays [1], [2]. To address the
need for higher sensitivity and improved signal-to-noise ratios
(SNR) in surface-based fluorescence assays, dielectric-based
photonic crystal (PC) surfaces have been utilized in the context
of gene expression analysis [3], protein biomarker detection
[4].

PC surfaces provide a consistent and highly efficient plat-
form for enhancement of fluorescence by exploiting their op-
tical resonance characteristics to provide a heightened excita-
tion field (resulting in a phenomenon called “enhanced excita-
tion”) along with the ability to control the photonic dispersion
which provides a powerful mechanism to redirect the emitted
light into certain preferred directions, where it can be detected
with greater efficiency (“enhanced extraction”). The simulta-
neous implementation of these two techniques has been shown
to boost the radiation detected from quantum dots and fluores-
cent dye molecules by two orders of magnitude [5]-[8].

While the effects of PC enhanced excitation and enhanced
extraction can be combined with multiplicative effects [7]—[9]
this work is primarily concerned with optimization of enhanced
excitation through the interaction of the PC resonant mode char-
acteristics and the degree of collimation of the illumination that
is provided to the PC. The enhanced excitation and extraction
mechanisms have been shown not to alter the fluorophore life-
time by the Purcell effect [6] when a PC with moderate Q-factor
(Q is mathematically defined as A/ A\, where A is the resonant
wavelength, and A\ is the full-width at half maximum of the
resonant peak spectrum) is used.

In our previous work, a confocal laser scanner, incorporating
a focused laser beam, was used to good effect for PCEF [9],
[10]. However, due to the angle selectivity of the PCEF sur-
face, only a portion of the excitation energy can be coupled into
the resonance mode and contribute to enhanced fluorescence
emission. To improve PCEF performance, we demonstrated the
use of a collimated excitation scheme [7], in which the excita-
tion beam matches the resonance angle of the target resonance
mode. In the detection instrument described in our previous
work, a single excitation angle (at a fixed illumination wave-
length) was selected for imaging an entire PC surface. Using this
fixed angle/fixed wavelength excitation approach, only limited
regions of a high-Q PCEF surface could be optimally excited.
While some parts of the PC were precisely “on-resonance” and
therefore experienced the greatest enhancement factor, small
variations in fabrication parameters or surface chemistry den-
sity would result in regions of the PC that were not optimally
resonant with the excitation source, resulting in lower enhance-
ment factor. Fundamentally, this effect occurs because small
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changes in optical density on the PC surface result in a shift
in reflected wavelength (for a fixed illumination angle) — an ef-
fect that has been used effectively for PC-based label free detec-
tion [11]-[19]. When considering the use of PCEF surfaces for
multiplexed assays using an array of immobilized biomolecule
capture spots, this problem is especially critical because the res-
onant conditions on the PCEF surface are substantially modified
by the optical density associated with the capture molecules.
This phenomenon results in a situation in which the conditions
for optimal enhanced excitation can be substantially different
from spot-to-spot within a microarray.

In this paper, we begin by characterizing the field enhance-
ment capability of PCEF surfaces excited by laser beams with
different degrees of divergence. A numerical scheme is derived
to evaluate the field enhancement factor of PCEF surfaces in
Section II. Our results quantify how the fluorescence signal en-
hancement on the PCEF surface directly benefits from using a
collimated excitation beam, and confirms that optimal coupling
for enhanced excitation occurs for only a narrow range of in-
cident angles for a fixed excitation wavelength. Focused illu-
mination is shown to also provide effective enhanced excita-
tion with a lower enhancement factor than collimated illumi-
nation, while providing greater tolerance to variation of the PC.
Our results also show that the Q-factor of the resonance can
be effectively controlled through modulation of the PC grating
depth. In Section III, these effects are demonstrated experimen-
tally through characterization of a PCEF surface with deposited
spots of dye-labeled peptides. Collimated illumination is used
to obtain enhancement factors of over 600 x while an enhance-
ment factor of only 30 X is measured on the same device using
a commercially available confocal laser scanner. In Section IV,
we demonstrate a solution to the fundamental problem of PC
surface optical density uniformity by implementing a novel ap-
proach that gathers fluorescent images for a range of angles,
scanned in small increments. Software is able to select the op-
timal resonant coupling angle on a pixel-by-pixel basis to con-
struct a fluorescent image in which every region on the PC sur-
face is measured with the highest possible enhancement factor.
The method was applied to a 1 x 3 in? PCEF surface.

II. COUPLING OF PC SENSOR AND EXCITATION LIGHT

The PC is a periodic arrangement of dielectric materials with
sub-wavelength period, where the device reflects ~ 100% of
the incident light at a specific wavelength and a specific angle
[20]-[23]. The theory by which dielectric grating structures with
subwavelength period can create resonant reflection spectra was
first developed by Hessel and Oliner in 1965 [20] and later at-
tributed to the formation of strong surface standing waves by
subsequent analysis by Mashev and Popov [21]-[23]. A subset
of these structures later came to be called “Resonant Waveguide
Gratings” or “Guided Mode Resonance Filters” but those de-
signed specifically to prevent lateral waveguiding of light at the
resonant wavelength and that possess an optical band gap are
often referred to as “Photonic Crystals.”

The wavelength and angle that match the coupling condi-
tion are defined as the resonant wavelength (\,) and the res-
onant angle (6,). When the coupling conditions are satisfied,
the resonant mode confined near the sensor surface is excited,
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Fig. 1. Schematic diagram of a PC sensor. The grating structure is etched into
quartz substrate with period and duty cycle of 400 nm and 50%, respectively.

and exhibits amplified field intensity [21]-[23], which enhances
the fluorescent dye emission immobilized within a 200 nm re-
gion above PC surface [24]. Unlike evanescent coupled optical
micro- or nano-resonators [25], [26], which require highly pre-
cise position control, input light is coupled into PC resonator
mode via angle and wavelength control. When most of excita-
tion beam is coupled into resonant mode, the near field strength
becomes strong and consequently the PC sensor provides flu-
orescence enhancement. However, in case of weak coupling,
the PC enhancement effect is substantially diminished. A laser
(He-Ne, A = 632.8 nm) is used to excite a specific fluorophore
in our study. Therefore, the resonant wavelength of the PC sur-
face was designed to overlap with the laser emission wavelength
by tuning the angle of incidence.

A. Photonic Crystal Sensor Design

Fig. 1 shows a schematic model of the PC structure, which
is comprised of a quartz substrate with the top surface etched
to provide a periodic refractive index modulation. On top of
the grating, a high refractive index thin film of titanium oxide
(TiO2) is deposited as wave guidance layer. The introduced pe-
riodic modulation allows for phase-matching of an external in-
cident beam into leaky resonant modes that can be re-radiated
into free space [6], [21]-[23], [27]. The A, 6., and bandwidth
of the resonant mode can be controlled through proper selection
of the grating period (A), grating depth (d), and thickness of the
high index layer (t) depicted in Fig. 1 [28].

The goal of designing the PC surface for fluorescence en-
hancement is to produce a strongly enhanced near field. A high
Q-factor (i.e., narrow bandwidth) PC structure is desirable to
improve near field intensity [24]. In a 1D PC structure, the
major contributor to energy loss is out-of-plane scattering
by the grating structure. To improve cavity Q-factor and to
enhance near field intensity, a PC structure with smaller index
modulation strength is desirable. Shallower grating depth
reduces the out of surface coupling and significantly improves
Q-factor. To examine the relationship between Q-factor and
grating depth, an RCWA software package (Diffract MOD,
RSOFT Design) was used to calculate the transmission effi-
ciency as a function of illumination angle An incident beam
of A\, and 6, can be coupled into a resonant mode, resulting
in a dip in the transmission efficiency, as measured in the far
field. PC structures with three different grating depths (15 nm,
30 nm, and 100 nm) were studied. For all three PC structures,
the grating period is A = 400 nm while the TiO, thickness
was selected to maintain a resonant angle of 10° at a resonant



1274

100

f emmmmmemm————

~ oy
e

Transmission coefficient (%)

A= 632.8nm |

105 11

115 12

8 8.5 9 9.5 10
Illumination angle (°)

Fig. 2. Simulated transmission spectra of three different PC designs. The PC
grating has depth of 15 nm, 30 nm, and 100 nm, respectively. The period of
the grating is 400 nm and the TiO thickness is 155 nm, 158 nm, and 185 nm,
respectively, to maintain a constant angle of resonant coupling for a wavelength
of A = 632.8 nm.

wavelength of 633 nm (t1i0, = 155 nm, 158 nm and 185 nm).
The angle transmission spectra are shown in Fig. 2. As ex-
pected, using shallower grating depth increases the Q-factor.
However, as the Q-factor increases, the coupling condition
becomes more stringent. For example, the angle tolerance of a
d = 100 nm grating is 0.76° but the angle acceptable range of
ad = 15 nm grating is only 0.06°. In order to fully utilize the
field enhancement capability of high Q-factor PC surfaces, the
illumination must be well collimated.

B. Resonant Field Distribution in Case of Diverged Beam
Excitation

Unfocused laser beams are highly collimated, but exhibit
divergence that results in incident angle components with a
Gaussian distribution around normal. It is particularly important
to note that commercially available fluorescence laser scanners
use a focused laser beam [29]-[31]. As we move towards higher
Q-factors for PCEF, the angle tolerance for exciting a resonant
mode decreases. Therefore, it is important to consider the beam
divergence of the excitation light for optimal performance.

To quantify how beam divergence affects the enhancement
factor, we developed a calculation scheme. A commercially
available Rigorous Coupled Wave Analysis (RCWA) solver
(RSoft DiffractMod) can only output the field distribution in a
PC that is excited by a plane wave. For simulating real laser
excitation conditions, we combined an analytical approach with
RCWA to provide a field intensity distribution for a PC surface
illuminated by any diverging beam.

We define the z axis as out of the plane of the sensor surface.
The total near field amplitude distribution E(x, z) is averaged
for a field distribution at a specific angle §; (j is an integer from
0 to n, where n is the total number of incident angles being sim-
ulated) weighted by the intensity of the excitation beam I(6;).
The field distribution at an individual angle, E¢;(x, z), is calcu-
lated using RCWA. The expression of E(x, z) is given by,

n

E(x,7) = > 1(6;)Eq, (x,7).

i=0
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The Spatial Intensity distribution of a Gaussian beam propa-
gating along the z-axis is given by,

Wo

2 - b
} e—(?)cz/w2 (7)) (2)

I(x,2) = T {

w(z)

where w( and w(z) represent the minimum spot size and spot
size at z, respectively [32].

In order to find the intensity distribution in terms of angle,
the spatial distribution function is transformed into k-space gov-
erned by I(x,z)(=)1(f,z). The expression of the angle depen-
dent intensity distribution function is

Wo

2
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After focusing by a lens with a focal length f, the angle in-
tensity distribution is given by

1(8) = Tye—(1/2)(kosind) AF/x1)? @

where L represents the diameter of the laser beam. In the case
of beam illumination at the resonant angle 6, , (4) can be written
as

1(6 — 6,) = e~ W/2((/m) Figsin®(6-6)) )

where F = {/L. Substituting (5) into (1), the averaged field
amplitude is given by

n

E(x,z) =Y _1(6; — 6.)Eq, (x,2).

=0

(6)

C. Simulation of Field Enhancement Factor

Using the developed numerical methods, we evaluated the
field enhancement factor for the PC structures. Since the reso-
nant angle of the PC surfaces are designed for an incident angle
of # = 10°, the RCWA was used to calculate field distributions
in one period of the PC for 0° < # < 20° with increments
of 0.01°. The illumination intensity at a particular angle (6;) is
calculated using (5) and multiplied with the field amplitude dis-
tribution, Eg;j(x, z) which was simulated using RCWA. The av-
eraged field intensity was found by taking the square of E(x, 7).
Since the PC enhancement is a near field effect that is localized
to the vicinity of sensor surface, only the field intensity within a
50 nm region above surface is counted. The ratio of the averaged
field intensity as compared to the intensity on a reference glass
slide is defined as the enhancement factor. Assuming a laser spot
with 1 mm diameter, the divergence of the beam after focusing
can be altered using a lens with different focal lengths. In our
simulation, we consider the laser beam with divergence between
3.3° t0 0.00033°. As shown in Fig. 3, when the excitation beam
is highly diverging, the enhancement factor of a low Q-factor
PC is higher than that of the high Q-factor PC. However, the
high Q-factor PC exhibits an enhancement factor of 263 X if the
excitation beam becomes more collimated. An excitation beam
with angle of divergence beyond 0.005° can be fully coupled
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Fig. 3. Simulated local field enhancement factor in terms of angle divergence
of the excitation laser beam for PC substrates with different Q-factors.
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Fig. 4. Simulated local field enhancement factor in terms of angle divergence
of the excitation laser beam for PC surfaces with different angle of divergence
for a 15 nm depth grating.

into the resonance. An excessively collimated beam will not re-
sult in a better enhancement factor once the coupling condition
is met.

To further illustrate the field enhancement effect, the averaged
near field intensities of gratings with depth d = 15 nm were cal-
culated and compared in Fig. 4 for three exemplary excitation
beams with divergence of 11.46°, 0.1146°, and 0.01146°. We
investigate the effect of variations in excitation beam divergence
to near field strength. In Fig. 4, the field distribution in a single
period of the PC structure is plotted at the resonant wavelength.
The white contour highlights the surface of the grating substrate
and the top of the PC surface. Fig. 4(a) demonstrates the field
intensity distribution at laser beam divergence of 11.46°. Com-
pared to the mode profile given in Fig. 4(a), the near field shown
in Fig. 4(b) is ~ 60 times stronger when the excitation beam is
less divergent (0.1146°). For the case of least divergence shown
in Fig. 4(c), the field intensity is highest (~ 507 times higher
than the most divergent case). This example illustrates that using
a highly collimated excitation source is critical to achieving the
greatest enhanced near field.

III. PC ENHANCED FLUORESCENCE INSTRUMENTATION

Two different types of fluorescence detection systems were
studied for PCEF: a commercially available microarray laser
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Fig.5. (a) Schematic diagram of optical setup of the confocal laser scanner and
(b) schematic drawing of PC enhanced fluorescence microscope. (a) Microarray
laser scanner. (b) PC enhanced fluorescence microscope.

scanner and a modified fluorescence microscope that is specifi-
cally designed for PCEF. The apparatus of the microarray laser
scanner (LS Reloaded, Tecan Inc.) is shown in Fig. 5(a). This
system uses a focused laser beam (beam divergence ~ 2.5°)
as the excitation source and a photomultiplier tube (PMT) as
the fluorescence signal detector. In order to form an image, the
substrate is scanned and the fluorescence signal intensity for
each pixel is acquired. The apparatus of the custom-built fluo-
rescent detection system, which is referred as the PC Enhanced
Fluorescence Microscope (PCEFM), is shown in Fig. 5(b). In
the PCEFM system, the fluorescent sample is imaged by an
electron multiplying charge coupled device (EMCCD; Hamma-
matsu Inc.) via a 4 X microscope objective (numerical aperture
N.A. = 0.1). Unlike the confocal laser scanner, the PCEFM
works in the imaging mode, which significantly improves the
measurement throughput. For both systems, a HeNe laser (A =
632.8 nm) is used as an excitation light source, and a bandpass
filter is placed in front of the detectors to reject excitation laser
light.

The microarray laser scanner uses a lens with a high numer-
ical aperture (N.A.) to focus the laser beam on to the sample and
collects the fluorescence signal resulting from this excitation.
Due to the focusing effect, the illumination laser beam angle
spans from 0° to 30°. As a result, only a small portion of the
excitation energy can be coupled into the resonant mode of the
PC surface, thus compromising the enhancement performance
of the PC. For the PC surface with Q ~ 300, the coupling ef-
ficiency is less than 20%. As discussed above, in order to take
full advantage of a PC and accomplish high enhancement of the
fluorescence signal, it is critical to achieve a good coupling ef-
ficiency between the excitation laser beam and the PC surface.
The PCEFM setup is designed specifically to achieve this and
utilizes collimated illumination for this purpose. As shown in
Fig. 5(b), the output of the HeNe laser is expanded to produce a
beam with diameter of 20 mm and divergence of 0.037° using a
beam expander. In order to accurately control the angle of inci-
dence, the PCEFM system utilizes a high precision angle tuning
gimbal-mounted mirror which is itself is mounted on a motor-
ized linear stage that moves as the mirror rotates. The movement
of this linear stage compensates the beam shift due to incident
angle variation and thereby ensures a fixed illumination area.
The angle tuning resolution of this configuration is 0.005°, re-
sulting in the capability for testing PC devices with angle band-
width as narrow as 0.01°. A coupling efficiency of 98% has been
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Fig. 6. Transmission spectrum of a PC enhancement substrate where the res-
onant angle is around 10°. The illumination spot is has divergence of 1.175°,
0.564°, and 0.081°.

achieved using this system with a PC surface with angle band-
width of 0.3°.

IV. COUPLING OF PC SENSOR AND EXCITATION LIGHT

The PC sensor used in this paper was fabricated using nano-
imprint lithography (NIL) [33], [34]. The detailed fabrication
procedure has been fully described in a previous publication
[35]. The fabricated PC structure has a period of A = 400 nm,
duty cycle of 50%, and grating depth of d = 40 nm. As a high
index layer, 130 nm of TiOy was coated by RF-sputtering. II-
luminated by a HeNe laser at A = 632.8 nim, this PC exhibits
resonance at an angle of § = 10°. The coupling between the
PC resonant mode and laser beam with different degrees of di-
vergence was investigated. The enhancement capability of the
PC was compared between the confocal laser scanner and the
PCEFM.

A. Transmission Spectrum

In order to show the effect of laser beam divergence on the
coupling between the PC and excitation light, we measured the
transmission spectrum using focused and non-focused beams as
illumination sources. To measure the transmission spectrum in
terms of angle, the sample was illuminated by a HeNe laser and
the transmitted light power was monitored by a silicon photode-
tector while the angle of incidence was scanned around the res-
onant angle (9° to 11.5°). Low transmission (high reflection)
efficiency indicates good coupling of incident light into the res-
onant mode of the PC. By using lenses of different focal lengths,
we varied the divergence of the incident laser beam. Without a
focusing lens, the divergence angle is 0.081°, using lenses with
focal lengths of 125 mm and 60 mm, the beam divergences are
0.564° and 1.175°, respectively. As shown in Fig. 6, the mea-
sured transmission spectra were compared for the collimated
and non-collimated illumination. Using a collimated laser beam,
the transmission efficiency was 5% at resonant angle with angle
full-width half maximum of 0.37°. The transmission efficiency
increases to 39% and 51% when the laser beam was focused
by lenses with 125 mm and 60 mm focal lengths, respectively.
Due to the broadening of incidence angle, a lower percentage of
excitation energy is coupled into resonance, and transmission
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Fig. 7. Comparison of the fluorescence intensity as a function of excitation
angle measured using the PCEF microscope and the Confocal Laser Scanner.

efficiency becomes higher. With regard to PC enhanced fluores-
cence, the diverged beam results in only a portion of the excita-
tion energy being amplified by the PC resonance, which dimin-
ishes the fluorescence enhancement capability of the PC sensor.

B. Enhanced Fluorescence Intensity

Having established a clear relationship between degree of col-
limation of incident light and coupling efficiency with a PC, we
performed fluorescence measurements to experimentally corre-
late the influence of degree of collimation of incident light with
the extent of fluorescence enhancement. We used the microarray
laser scanner and the PCEFM discussed in Section III, to repre-
sent cases for focused and collimated light. The signal enhance-
ment factor for the on-resonance case with respect to the off-res-
onance case was measured over a range of angles around the
resonance angle. This is shown in Fig. 7.

The collimated light gave a signal enhancement factor almost
7 X higher than the case for the focused light. This can be easily
explained as a direct consequence of the higher magnitude of
surface localized electric field intensity that interacts with fluo-
rophores immobilized on the surface of the PC.

Another interesting observation was that the signal enhance-
ment is much more sensitive to the proximity to the resonance
angle for collimated excitation (FWHM,y < 0.4°) when judged
against focused excitation (peak FWHM,y > 1.5°). This can be
explained as a consequence of the sensitivity of the coupling ef-
ficiency of the PC to change in excitation angle for collimated
light. Thus, for the PCEFM a small deviation from the resonance
condition will result in a large drop in the surface localized elec-
tric field intensity, ultimately leading to lower enhancement in
fluorescence intensity. For the case of focused light, since the
incident beam consists of a spread of angles, over a fairly large
range there will be some amount of light that will always be
present in the resonant angle range. Thus, even though the cou-
pling will never be as efficient and the electric field intensities
will never reach high values, the fluorescence enhancement will
have a much greater angle tolerance. Thus the degree of col-
limation of the excitation light (which influences the coupling
efficiency of the PC as described in the previous section) is the
ultimate determining factor for the degree of enhancement. The
sensitivity of the degree of enhancement to the proximity to the



CHAUDHERY et al.: ANGLE-SCANNING PHOTONIC CRYSTAL ENHANCED FLUORESCENCE MICROSCOPY

1000 *

®PCEFM ™ Confocal Laser Scanner

Signal Enhancement

(PC ON)/(PC OFF) (PC OFF)/Glass Total Enhancement

Fig. 8. Comparison of the fluorescence enhancement using the PCEF micro-
scope and the Confocal Laser Scanner. The fluorescence signal enhancement
for the PC on resonance compared to the off resonance case is attributed to the
“enhanced excitation” property of the PC. The fluorescence signal enhancement
for the PC off resonance compared to unpatterned glass is attributed to the “en-
hanced extraction” property of the PC. The total enhancement is the ratio of the
fluorescence signal for the PC on resonance to the unpatterned glass.

resonance angle has far-reaching implications for performing
multiplexed assays on a PC surface.

For relating our enhancement factors on the PC to a glass slide
we performed a study to analyze the total enhancement of the
PC on-resonance when compared to unpatterned glass. Fig. 8
shows a bar graph plot for the signal enhancement as measured
on the PCEFM and the confocal laser scanner. The plot shows
a very high signal enhancement for the on-resonance case com-
pared to the off-resonance case (169 x for PCEFM, and 15 x
for the laser scanner) which is due to the enhanced excitation ef-
fect. The off-resonance case for the PC also has a higher signal
as compared to a glass slide (~ 4x for the PCEFM and ~ 2x
for the laser scanner). This is a result of the PC enhanced extrac-
tion effect [14]. In this case, emitted photons, which would or-
dinarily exit the surface distributed uniformly in all directions,
are spatially biased away from the PC surface at an (approxi-
mately) normal angle, so they may be gathered more efficiently
by the detection optics.

The combination of the two enhancement effects provides a
net signal enhancement (compared to unpatterned glass) of ~
677x using the PCEFM and ~ 29x using the laser scanner.

C. Angle-Scanned Image Optimization

Having established the superior performance of a PC under
collimated conditions and the promise of high enhancement of-
fered by the PCEFM, it is necessary to provide a uniform en-
hancement effect over substantial surface areas, such as those
used for protein microarrays or DNA microarrays that are com-
prised of hundreds or thousands of capture spots. Because the
enhancement factor is highly sensitive to the angle of incidence
for a collimated beam (Fig. 7), small variations in the PC sur-
face resonant coupling angle caused by nonuniformities in the
PC structure (for example, the TiO layer thickness) and the
density of surface functionalization layers will result in substan-
tial variations in fluorescent intensity if a fixed incident angle is
used to scan the entire device. This problem is further compli-
cated by the variable density of immobilized capture molecules,
such as DNA or antibodies that are deposited as arrays of spots
on the PC surface. Capture molecules are typically deposited
with high density, and therefore result in a substantially lower

1277

100000
90000
80000
70000
60000 [
50000
40000 F
30000
20000

Fluorescence Intensity (counts)

10000

0 . e e e LIS AL a5
0 5 10 15 20 25

Distance (mm)

b)

100000

90000 I
80000 i
70000
60000
50000
40000
30000

Fluorescence Intensity (counts)

20000

10000 J

0

L L L

0 5 10 15 20
Distance (mm)

Fig. 9. Intensity profile as a function of distance for a line of fluorescent image
pixels profiling spots of Alexa-647 conjugated PPL for the PC: (a) using a fixed
excitation angle at 10° and (b) the fluorescence intensity is scanned at 11 angles
near the resonance angle. The scanned images are shown in insets.

PC coupling angle compared to the regions of the surface be-
tween capture spots. There is thus no single incident angle that
can be used to optimally couple a laser to every region of a PC
surface.

In order retain the benefits of signal enhancement while still
performing fast high throughput measurements; we developed
a methodology to account for the variation in the resonant cou-
pling angle across the device. Rather than gathering fluorescent
output images with the PCEFM using a single incident angle, we
capture a sequence of fluorescence images over a range of an-
gles that always includes the resonance angle. Software is used
to compare the images taken at each angle, and to select the max-
imum intensity of every pixel over the scanning range. Because
the maximum intensity for any pixel will always be generated
when the incident angle matches the optimal resonant condition,
anew image can constructed using the maximum intensity angle
for each pixel.

To demonstrate the angle-scanning method, a 3 X 3 array of
Poly(Lys, Phe) conjugated with Alexa-647 (Invitrogen) was
spotted at a concentration of 9.9 pg/ml onto the 1 x 3 in? PC
surface by a piezoelectric dispenser (Piezorray, Perkin Elmer)
with a center-to-center separation of 500 ym and a spot radius
of ~ 200 pm. Prior to spotting, the PC surface was pre-cleaned
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with Os plasma for 3 min. and then cleaned by sonication in
acetone, isopropanol and deionized (DI) water and followed
by drying under a nitrogen stream. After spotting, the PC was
incubated for 24 hours in a sealed container. The spot densities
were selected so as to give an approximate shift of —0.2° in the
PC coupling condition.

Selecting a single incident angle of § = 10°, the PCEFM
gathered the image shown in Fig. 9(a). Using a 4 X microscope
objective, a single fluorescent image has a field of view of ~
2 x 2 mm?. An automated motion stage enables capture of flu-
orescent images from adjacent regions, and concatenation of
images results in a fluorescent image of the entire slide, using
a total scanning time of 24 seconds. Nominally, each spot in
the array is identical, but the fluorescent intensity shows the ef-
fects of nonoptimal laser coupling to the PC resonance in sev-
eral regions of the chip, resulting in a coefficient of variability
of CV = 51% for the on-spot intensity.

Fig. 9(b) is a fluorescence image of the same slide as Fig. 9(a)
with the image constructed by the new methodology. For each
imaged region, a sequence of fluorescence intensity images is
gathered from 9.5° < § < 10.5° in 0.1° increments, for a total
of 11 images per frame. By gathering the additional images, the
scanning time for the entire 1 x 3 in? area increased to 48 sec.
The maximum-pixel selection and composite image-processing
algorithm runs in 60 sec. As a result of the new method, the spot
CV is reduced to 17.9%. This level of spot-to-spot variability is
consistent with what is typically obtained for fluorescent images
of spot intensities on glass surfaces (data not shown), and there-
fore represents variability due to the spots themselves, rather
than variability in the detection method. Using the angle scan-
ning approach, we observe a consistently high enhancement
factor across the entire PC area.

V. CONCLUSION

We have reported on the study of PC enhanced fluorescence
illuminated with laser beams with different degrees of diver-
gence. By use of an imaging system that enables angle-tunable
collimated illumination of the PC surface, we have established
improved performance for PC when subjected to collimated ex-
citation as compared to focused excitation in a confocal laser
scanner, demonstrating raw signal enhancement of 677 x. The
signal enhancement is accompanied by an extreme sensitivity to
the angle of excitation. This results in a problem of variability
when attempting to utilize the PCEFM for high throughput mea-
surements, such as those used in DNA microarrays or protein
microarrays. In order to address this issue, an angle-scanning
method was developed that allows optimal coupling to every
pixel in a PC-based fluorescent image, and thus achieves a uni-
formly high enhancement factor over large surface areas.
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