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Abstract: Photonic crystal (PQyurfacehave been demonstrated asoanpelling platform

for improving the sensitivity of surfadeased fluorescent assays used in disease
diagnostics and life science researels can be engineered to support optical resonances
at specific wavelengthat whichstrong electromagnetic fieldse utilized to enhance the
intensity of surfacdound fluorophore excitatiodMeanwhile, the leaky resonant modes of
PCscan be used talirect emitted photons within a narrow range of andéesmore
efficient collection by afluorescence detection syste The multiplicative effects of
enhancedexcitation combined with enhanced photon extractiocombine to provide
improved signato-noise ratios for detection of fluorescent emitters, which in turn can be
used to reduce the limits of detection of low caorcaion analytes, such as disease
biomarker proteinsFabrication of PCs using inexpensimsanufacturing methods and
materials that include replica molding on plastic, namprint lithography on quartz
substrates result in devices that are practicasifuyleuse disposable applicatioria this
review, we will describe the motivation for implementing hagnsitivity fluorescence
detection in the context of molecular diagnosis and gene expression analysis though the use
of PC surfaces Recent efforts tamprove thedesign and fabrication of PGad their
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associated detection instrumentation are summaripetuding the use of PCs coupled
with Fabry-Perot caviesand external cavity laser

Keywords: Photonic crystal; fluorescence; nanostructured serfatanolithography;
fluorescence microscopy; DNA microarray; biomarker; cancer diagnostics

1. Background and Motivation

Biological assays based upon fluorescence deteatmthe cornerstone applications that include
molecular diagnostics, gene ex@@ies microarrays, genome sequencing, prepeotein interaction
screening, cell imaging, and many othgty. The ability to couplea wide variety of fluorescent
materials such as organic dyes, fluorescent proteins, and quantumittidigological molecules and
cells has revolutionized our ability tsmderstanadomplicatel biologicalphenomena, and to selectively
detect biological targets within complex medigpical fluorescencéased assays include determining
how much of a specificibmolecule is present in a test sample and visualizing how molecules function
within cells. A vast array of labeling materials, illumination sources, and detection instruments have
been developed fdabeling mbased assays that enable these methods ievaatietectiorof disease
biomarker proteins in serum at concentratidredow 1 pg/mL,to perform subdiffraction limit
imaging, andto perform highly multiplexed biomolecluar interaction analysis withoughput
exceeding millions of individual locatioren asingle chip[2,3]. Fundamentally, fluorescence is an
electromagnetic and quantum mechanical phenomenon in which electrons within the fluorescent
molecule are excited to oscillate as a dipole by an externally applied electromagneti€ldietichns
remain in the excited state for a short time, and subsequently relax to their ground state by emission of
a photon, which then propagates away as an electromagneti¢lfielBeen as a dipole antenna for
collection and reemission of electromagnetic energyfluorophore is capable of interacting with its
immediate environmenA f | u o r rat df excitations excitation lifetime, and emission direction
can be engineered to achieve much greater detection sensitivity than would be possible for the sam
emiter attached to a plain glass surface or suspended in solution.

Efficient excitation and recovery of light emitted from fluorescent molecules by emplplyatgnic
structures or nanpatterned substrates can result in greatly enhanced -Bigmaibe rab (SNR)
fluorescence detectiorA high SNR measurement is highly desirable for fluorescenqeeriments
involving fluorophoretagged analyteat low concentrations here is now a wealth of literature citing
improvements in fluorescence output whewtallic surfaces are placed in close contact with a
fluorescent systerfdi 7]. Metalenhanced fluorescence (MEF) is partly due to a modification of the
radiative decay rate of a fluorophore in clggeximity to a metallic surfac¢d,9]. The result is a
reduced spontaneous decay time, an increased probability of photon emission, and consequently ¢
higher quantum yieldMetallic naneislands and colloids support localized surface plasmon resonance
and create | ocal uni f orm tlsoocc awi tel ewh irommafglined r c
and fluorescence with greater intensity, due to enhanced light absorptioMoatever, the lossy
metallic material dissipates energy from the fluorophores in a direetadlietive process, known as
the metal quenhing effect,which leads toreducedfluorescence outpufl(]. Because maximum
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guenching occurs within the same locations close to a metal surface where the electric field
enhancement is also maximizedEF methodshave not achieved the same scale of ecéaent
factor that is available from high qualtsctor dielectriebased resonators.

Recent research has demonstrated that a nanostructured photonic crystal (PC) optical surface i
capable of enhancing the signal of fluorescent dyes by more than tws ofd@agnitudg1l]. In
contrast to MEF, the PC enhanced fluorescence (PCEF) provides a consistent and highly efficient
platform for enhancement of fluorescent signal by exploiting its optical resonangee variety of
PC structures have been studiadd fabricated for an enormous range of applications since the
periodic nanostructure was first proposed to control the spontaneous emission of materials embedde
within the PC by engineering the photonic density of sfdt#]. Here, the PCs designed femhanced
fluorescence applications are comprised of a periodically modulated low refractivediedisotric
surface structure coated with a high refractive index dielectridithin Optical resonance ithe PC is
excited when evanescently diffracted ensl couple to modes existing in the high refractive index
layer[13,14]. PCs can be engineered to interact strongly with any optical wavelength of interest through
selection of their materials and the parameters of their geometrydi@easional PCs comged of
stacks of dielectric multilayers have also shown potential for fluorescence enhandé&ient

PCEFtakesadvantage of PC resonances associated with two phenoBmmned excitatiorand
enhanced extractionEnhanced excitations the result of potons from the illumination source
(typically a laser)coupling to a PC resonancAt the wavelength of optical resonance, light will
couple to the PGurfacef r om a particul ar 1 ncident an gHate, r
can be many times higher than the amplitude of incident radiafion.strong optical nedrelds at
resonance greatly increase the intensity of the incident laser light near the surface of PCs, yielding
amplified output from théluorophoresdue toan enhanced optical absorption ratke strength ofhe
enhanced excitatioeffect is directly related to the qualitsictor (Q-factor = ake; ae-is the linewtlth
of theresonance & of the PC structureéA high Q-factor resonance leads to high intdgsiearfields
where intensity at the PC surface can easily be two orders of magnitude greater than that of the
incident radiatiorj16i 19].

The enhanced extractiomechanism involves a spatially and spectrally biased funneling of the
emission from surfacbound fluorophoresln a symmetric fashion to enhanced excitation, photons
emitted by flurophores near tHRC surface can couple to particular optical resonanappasted by
the PC.The leaky nature of the PC resonant modes warrants the delivery of the emitted photons to
propagating wavedvodulated bythe PC resonance, the emission of surfboend fluorophores is no
longer omnidirectional, but strongly directexla narrow set of angles determined by the dispersion of
PC[18]. Spatially and spectrally aligning the position of photon detector, the PC resonance, and the
emission spectrum of fluorophore, signifidgnincreases thecollected signal.The simultaneous
implementation of both enhancement features on a PC substrate has been shown to drocstitime
from dye molecules bgreater than threerders of magnitudgll].

PCEF can be applied to any surfabeund fluorescence assageing of particular interesfor
high-throughput analysis, PCEF was implementedCitiA and protein microarray The microarray,
consisting of asolid substratgopulated with spots ammobilized biological capture moleculdsas
becomean importantinalytical toolfor life sciences reseeh [20]. A microarraymay be comprised of
thousands or evemillions of captureprobesthat bind to target moleculés a complex biological
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sample.When a test sample is incubated with the microarthg analyte molecules can bind
specifially to theircomplementary immobilized ligandA. fluorescent label is addezither before or

after this binding reaction. The fluorescence from microarray spots is quantified with optical
instrumentation to quantify the amount edich specifianalytemolecule probed during the assay.
Currently, microarrays are performed on glass microscope slates are capable ofletecting
analytes over ~5 orders of magnitude in analyte concentration, with detection limits typically on the
order of 510 pg/nL, dependhg upon the affinity of the capture molecule for its target, and the assay
conditions[21,22] By using PCs as the substrate to perform the microaresgay we can take
advantage of both enhanced excitation and extraetfatts toreduce detection lirts, to increase

SNR for analytes that are near the detection limits, and to enable a detection instrument to operate
using lowercost componentsSuch a capability will enable disease biomarkers to be detected at lower
concentrations for earlier diseasagtosis, and increases the potential for multiplexed biomarker
assays to be performed in a clinical setting.

In this review, we begin by describing how specific types of Bfésdesigned,nexpensively
fabricated over large surface areas, and applied harnee the excitation intensity and emission
extraction efficiency.The performance of thretypes of PCEF detection systemsa confocal laser
scanner,a fluorescence microscope using collimated laser illumination, atekser linescanning
instrument, are compared in SectidBnAmong the three etection instrument approachdke laser
line-scanning instrumennost effectivelyoptimizes the nedield enhancement capabilities of a one
dimensional PCWe also review our &rts towards implementation &fCEFfor multiplexed cancer
biomarkers and gene expression analysis where PC substnatdethe detection of analyseat lower
concentrations than possible without a. Fhally, we describe new approaches that incorpottag
PC resonant surface into external optical cavities that have been demonstrated to further increase
fluorescent outputThis paper serves as a review fdemonstratingdesign requirements of PC
surfaces, methods of fabrication, detection instrumesigdeand assayapabilities ofPCEF For full
details, the reader is directed to full articles published on each topic.

2. Design and Fabrication ofPC Surfacesfor Enhanced Fluorescence
2.1 PhotonicCrystal DesignAidedby Rigorous Coupled Wave Analysi

A schematic diagram ad onedimensional PC is shown in Figule The structure comprisex
onedimensional surface structure of heigtht and period L), thatis fabricatedrom a low refractive
index RI) substrate. The structure c®atedwith a layer of highRIl material of thickness. The
periodic modulation of the grating, which satisfies the second order Bragg condition, allows for
phasematching of an externally incident beam into the resonant modes. The high refractive index
materialfunctions as a light confinement layer that supports and intensifies electric field that extends
from the device surface into the surrounding medium. This structure supports resonant modes at &
specific combination of wavelength and angle of incidd@8g The neaffield intensity associated with
the resonant modes is strongly enhanced with respect to the field intensity of the excitation light. The
enhanced near fields on the surface of the substrate can amplify the emission intensity from targe
fluorecent molecules placed on the surface. The wavelength, angle of incidence, bandwidth, and
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efficiency of the PCEF surface is determined by its geometry as described in previous pulliéfi8hs

By adjusting the PC geometric parameters, including théngraeriod §), grating depthd), duty

cycle (), thickness and refractive index of the dielectric coating, a PCEF surface can be designed to
efficiently interact with the absorption and emission spectra of specific fluorescent dye molecules.

Figure 1. Schematic drawingf a onedimensionaPC surface The structure is comprised
of a low refractive index quartz substratex1.456) containing ondimensional periodic
structure ¢ = 400nm) and coated with a high index layer of 7i@ = 2.35). The physial
parameters of the device, refractive indices of the materials and the launchdiof ¢
incident beantombine to determinthe resonance wavelength.

Normal
E to
the surface

A PC structure usually supports two orthogonal modes: transverse electric (TE) polarized and
transverse magnetic (TM) polarizethe electric field vector of TM modes are oriented perpendicular
to the grating lines of a one dimensional PC structure, vitneslectric field vector of TE modes is
oriented parallel to the grating lingSompared to TE modes, the resonant modes associated with TM
polarization have higheQ-factor, resulting in stronger field intensity near the device surface.
Therefore, the PEF surfaces are generally designed to have one TM mode at the excitation
wavelength of the fluorophores for near field
can also be designed to have a second resonant mode (TE or TM) that overlap® ithission
spectra of the fluorophores, to direct the emitted photons towards the detection optics to obtain an
enhanced extraction effe[d8]. Fluorescent output efficiently coupled into the second resonant mode
exhibits an angle dependent emission.

For the PC structure, transmission efficiency minima (or reflection efficiency maxima) in the simulated
far-field diffraction spectra are used to identify the resonant madgsre 2(a) plots the photonic band
diagram of the PCEF surfacérom the photoic band diagram, a resonant angledgf = 10.8°
corresponds to a resonant wavelengttaE 632.8 nm for enhanced excitation of the fluorophores
excited by the Hd\e laser. Figre 2(b) shows the spatial distribution of the simulated +iretad
electric field intensity (normalized to the intensity of incident field) within one period of the PC
structure for resonant wavelengiy = 632.8 nm and resonant angledyf = 10.8°? The influence of
the resonance phenomenon on the resulting-firedds is clealy manifested in the electric field
intensity. Similarly, a PC can be engineered to have multiple modes at different resonance angles tha
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can be used to couple different laserth its resonant modes. kige 3 plots the band diagram of such

a PC that waslesigned to couple bothgreenlaser(Nd:YAG) at =5 3r#nanda He-Ne laser at

=6 3 2nm8 Such a surface can be used to enhance the fluorescence output from various
fluorophores that have different excitation wavelen{it8$.

Figure 2. (a) Rigorous coupled wave analysis simulated dispersion diagram for the PC shonw
in Figure 1. Resonance for the enhanced excitation for the TM mode g® 4t0 . 8
(b) Simulated near field distributionat =  6n8 Znor@alized to the intensity of the incident
field) Reprintedfrom [11] with permission. Copyright 2010 Optical SociefyAmerica.
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Figure 3.(a) Simulated dispersion diagram for the PC used to enhance fluorescence from both
Cy-5 and Cy3 excitaion wavelengths. Resonance for the enhanced excitation for the TM

mode isq1 9.2 for Cy-5 excitation andyi 13.8 for Cy-3 excitation. Reprinteftom [19] with
permission Copyright 2010 American Institute of Physics.
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2.2 PhotonicCrystal Fabrication Using Replica Moldingn Plastic Substrateand Nanoimprint
Lithographyon Quartz Substrates

PCs can be inexpensively fabricated owantinuous rolls of flexible plastic film using
nanoereplicamolding,thus enabling devices to beonomically compatible witkingleuse, disposable
applicatons [24]. The molding process wuses a rigid fAm
polymer materialBriefly, a silicon master wafer with a negative surface of the desired grating pattern
is fabricated using deelpV lithography and reactive ion etchintypically at a semiconductor foundry
in order to obtain precisely defined dimensions and excellent uniformity across a Avdiguid
UV-curable polymer is then sandwiched between a PETt simekthe silicon master wafer, and is
subsequently cured using a high intensity UV lamp. The hardened polymer grating adheres to the PET
and is peeled away from the mastenabling a single master to produce thousands of identical
replicas A thin SiG intermediate layertdio-0 80 nm) is thersputter depositednto the polymer
grating followed by sputter deposition of the Li@in film.

When the PC is illuminated at the resonant coupling condition by a laser, the enhanced electric
fields are mainlyconfined to the surface, but can extend slightly into the media above and below the
PC grating, and thus excite fluorescence in material contained in those rdggaasise polymer
materials, such as those used for replica molding, are slightly fluoretoemole of the Si@layer is
to insert a nonfluorescent spacer material between the polymer and the enhanced field region of the
PC.Because PCEF will enhance the output of any fluorescent emitter within the enhanced field region,
one must take care timinate all potential sources of autofluorescemweeich have the effect of
providing a fAbackgroundo | evel of Il i ght I nt el
fluorophores that label biological analytd%otential sources of autofluoresceninclude the Ti@
material, surface chemistry layers, and nonspecific adsorption of fluorescent tags.

Even though nanceplica molding has many advantages forR&hufacturing, detection limits for
low concentration biological analytes is limited by theofluorescence from th@asticsubstrateand
the replica moldedpolymer grating.It is well known that plastic materials show significant
autofluorescence when excited by ref or even visible radiatiofi25i 27], with autofluorescence
increasing as thalumination source photon energy is increased. This phenomena was demonstrated
clearly in a recent publication, in which a PCEF surface designed for multiple excitation wavelengths
(e = 532633 nm) showed best sigAainoise sensitivity performance fdionger excitation
wavelengths but the detection limit for short excitation wavelengths was limited by substrate
autofluorescencfl9]. Meanwhile, a great deal of research activity is directed towards developing new
plastic substrates with lower autofluscencg28i 30. PMMA, PDMS, Topas and Zeonex have been
shown to have lower autofluorescence compared to other plastic materials and have been identified fo
potential applications in high throughput screening devices that rely on fluorescence detespir. De
these efforts, no polymer material provides autofluorescence comparable to quartz.

The use of quartz surfaces for PCEF applications has been limited by the requirement to produce
surface structures with subwavelength dimensions over surface agsasrlaugh to encompass entire
DNA microarrays or protein microarrays, which are usually performed on substrates as large as
standard microscope slidesXB in®). Conventional lithography methods, such dam lithography
and DUV lithograph are eitheéoo expensive or lowthroughput to produce subwavelength structures
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over such large surface areasn or der t o addanddd asthi :1ain®s me,r i i
(NIL) tools (Molecular Imprints, In¢.Austin, TX, USA can be employed to fabricatebwavelength
grating structures on quartz substraf@s 34]. SFIL is capable of producing patterns with feature
sizes less than 20 nmm the SFIL process, a template with a-gedined pattern is pressed into
UV-curable liquid over a substrate. Onegesed to UV light, the liquid is cured, and after separation,

a replica of the pattern on the template is imprinted into the solidified polymer surface.
A step and repeat procedure is used to replicate the pattern over the entire substratderfaéeL
patterning, reactive ion etching (RIE) is used to transfer the imprinted pattern into the substrate. Using
this approach, we have fabricated one dimensional grating straigtithea period of 400 nm upon
quartz wafers as large as 8 inches in dianfétd. Figure 4 outline the steps of SFIL for fabrication

of PCs on lowautofluorescence quartz wafensd Figire5 shows a large area optical image and SEM

of the PC fabricated by SFIL

Figure 4. Schematic diagram of the fabrication procedure for prmduquartzbased PCs:

(a) The process begins by dispensing a pattern of MonoMatWw#able polymer droplets

on an unpatterned and polished quartz wafey; The template is pressed against the
droplets and then UV curedg)(The template is pulled awayon the solidified grating
pattern; @) A layer of SilSpin imprint resist material is spin coated onto the patterned
surface; €) RIE of the imprint resist to expose the quartz surfajeR(E of quartz to
transfer the pattern onto the wafeg) Piranha eaning of the wafer to remove the imprint
resist residues;hj TiO, deposition onto the grating. Full fabrication details are provided
in [11]. Reprintedrom [11] with permission. Copyrigl2010 Optical Society of America.
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— Bl . T,
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d) Spin coat Silspin e) RIE of Silspin f) RIE of imprint resist
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Figure 5. (a) SEM image of the top view of the PC fabricated on a quartz substrate by
naneimprint lithography; b) AFM image of the PC¢j Photograph of the PC onx13 in?
substrate. Reprinted frofd1] with permission. Copyright 2010 Optical Society of America.
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3. Instrumentation for PCEF

This section will discuss the parametéos efficient excitation of PC resonant modes &hd
design ofdetection instruments that have been Use®CEF

3.1 CouplingConditionfor 1D PGs

When a 1D PC is illuminated by a broadband lightirce highly efficient reflections from its
surface represent the resonance modes at a specific wavelength andiea apgte combination.
Figure6(b andc) show such measured resonant modes for a PC shoklgure 6(a) when the angle
of incidence is scanned from @ 20, bothin n andd directionsrespectively(labeled inFigure 6(a)).

Here g is the anglebet ween the incident beam and the
perpendicular to grating directicand 7 is the anglein the plane along the grating directiorhese
photonic band diagrams were obtained by illuminating the device with collimatedidaned light
from a tungsten lamp, and analyzing the reflected light with a spectrometer (USB 2000, Ocean Optics
Denedin, FL, USA as a function of incident angl#.is evident that the resonant wavelength is not
sensitive to the angles alofgwhile it changes dramatically when the angle of incideiscearied
along the d direction. Using a narrow bandwidth light source, such as a -sbdite lasera
misalignment bincidence angle b9.1 with respect to the resonant anglewill reduce the coupling
efficiency of the laser to the PC by a factor of 10. On the other,ihadesonant modes exhibit a very
smallangular dependence.3 nm/) along thef direction. Therefore, to efficiently couple light into
the 2D PC surface, the excitation laser beamly needs to be collimated and tuned along the
gdirection
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Figure 6. (a) Schematic of the PC structure (not to scale). The grating is oriented
along thex-axis, (b) Measured potonic band diagram of the PC surface dor 0° and

f varied from 0 to 20; (c) Photonic band diagram of the PC sensorfer0° andgvaried
from 0° to 2C.
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Figure 7. (&) Schematic diagram of optical setup of the confocal laser scanner and
(b) schematic drawing of PC enhanced fluorescence microscope.

Substrate

Sample /_‘ scanner

Filter
Focusing lens Objective
Dichroic mirror
Sample
Pinhole Filter
Tunable
Focusing lens mirror Beam
Expander
(a) Microarray laser scanner (b) PC enhanced fluorescence

microscope

3.2.ConfocalLaser Scannewith Tunable Anglef Incidence

A confocal microarray laser scanner (LS Reloaded, TecanNannedorf, Switzerlandwas the
first detection instrument used to studyPCEFE The schematic of the scannds shavn in
Figure 7(a). This system is equipped with a-Ne laser and a solid statdd-YAG laser as the
excitation sourcg and a photomultiplier tube (PMTd detect the emitted fluorescence sigidle
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angle of incidence of the lasers can be tuned froto @5 . In orderto form an image, the substrate is
scanned and the fluorescence signal intensity for each pixel is acdlhesidstrumentuses a lento
slightly focus the laser beam onto tR&, and collects the fluorescence signal resulting from this
excitation. Dueo the focusing effecthe laser beam has a beam diveoger®2.5°. Since the beam is
not collimatedonly a small portion of all the incident light actually matchesrés®nant mode of the
PC,enabling only a fraction of the potential enhanced excitaifatt to be utilized

3.3.PC Enhanced Microscogédsing Collimated Laser Source

The schematicof a custombuilt fluorescent detection system, which is referred to as the PC
enhanced fluorescence microscope (PCEFM), is showigure 7(b). In the PCEFM system, theC
fluorescences imaged by an electremultiplying chargecoupled deviceEMCCD, Hamamatsu Ingc.
Shizouka Pref., Japarvia a 4x microscope objective (numerical apertiNeA = 0.1). Unlike the
confocal laser scanner, the PCEFNbriss in an imaging mode, which significantly improves the
throughputfor generating an image of a large microarray, as an entire field of view (determined by the
magnification of the objective lens) is captured in a single measurefeéigNe lasers usel asthe
excitation light source, and a bandpass filter is placed in front of the detepterémtexcitation laser
wavelength from reaching the camera

The PCEFM setup is designed specificallyuse a collimated illumination with a tunable angle of
incidence As shown inFigure 7(b), the output of the Hble laser is expanded to produce a beam
diameter of 20 mm and divergene&®.037°using a beam expander. In order to accurately control the
angle of incidence, the PCEFM system utilizes a {pigdtisionangletuning gimbalmounted mirror
that ismounted on a motorized linear stag@d moves as the mirror rotateBhe movement of this
linear stage compensates for the beam shift daeyancidenceangle variation and thereby ensures a
fixed illumination aea. The angle tuning resolution of this configuration is 0.005; enabling one to test
PC devices wittangulardependence on resonara® narrow as 01°? Using this system a coupling
efficiency of 986 has been achieved with a PC surface waithular depestenceof 0.3°[35].

3.4.0bjective Coupled Linecannerfor PCEF

It has been shown that the resonant modes of a 1D PC are not sensitive to the changes ir
angles alond. Although thePCEFMdoes an excellent job at coupling the incident light to the modes of a
PC, there is considerable loss in the excitation power in the process of collimating it. In order to solve this
problem of loss in power density, a detectagproachin which the exdtation sourcefocused by a
collimating lens to form a high intensitine, has been demonstrated receifi#§]. The goal of this line
scanner ido focuslight in the 7 direction while maintaining the collimation in thgdirection thus
increagng the power density supplied to the fluorescent dye molecules and consequently improve the
fluorescent signal strengtihile still allowing all the excitation light to couple to the PC resonant mode

A schematic diagram dthe line scanningconfigurationis shown inFigure 8. The system is
comprisedof a 70 nW solid-state laser (AlGaAs) a= 637 nm coupled to a polarization maintaining
fiber, a half wave plate, a cylindrical lens, a long pass dichroic mirror, anckalj@ctive (Olympus
Plan N CenterValley, PA, USA of focal length 18 mm. The fiber tip is coupled to a fiber collimator
giving a highly collimated output beaofi 3.4 mm in diameter. The output beémen passethrough a
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half-wave plate, which is used to rotate polarization to match wh the PCresonantmodeto be
excited. The laser beam is then focused infteection to a line by a cylindrical lens 100 mm). The
focused laser line is then directed onto the back focal plane of the microscope objediaichieoic
mirror. Theoutput of the objective is thus a laser beam focused to a line.

Figure 8. Objectivecoupled linescanning imaging instrument schematic. The incident
beam path isepresented by ed and the collection beam patlrépresented iburgundy.

The collectionand illumination beam paths overlap in the region between the dichroic
mirror and thePC.

Photonic Jf =
Crystal IL. R

Cylindrical

Lens Tube Emission Turning Laser Diode

Filter Mirror with Collimator

The PC is placed on a motorized sample stage (MS2000, Applied Scientific InstrufueEse,
OR, USA that is translated perpendicular to the laser line for asizeat (750 lines/second). The
fluorescence image is constructed by sequential scanning across the sensorinioréxeents. The PC,
placed at the focal plane of the infinity correctedxl@bjective o = 18 mm), interacts with a beam
that appears colliated in one plane but focused in the other. The theoretically expected liheofvadt
focused beam is given by:

T_ Q
~ 0 1)

Here a-is the wavelength of the laser beaims focal length of the focusing lens abidis the
diameter of the incident beam. The theoretical linewidth of the beam focused on the back focal plane
of the objectiveiscalculae d t o be 2 3. 85 imponantwhdnicharadterizmgtheiamgle h |
of divergence for the incident beam. Thedtetical linewidth in the front focal plane of the objective
i's cal cul at e desd calculatiens dsutiedt toghe assumptieonf a perfectly Gaussian
laserbeam and perfectly aspherical lenses.

The assembly of the cylindrical lens, halave plate and fiber collimator are mounted on a
two-dimensionakdjustablestage. In order to achieve angle tuning, the-fowised beam is translated
on the bak focal plane of the objectiviey tuning the position of the cylindrical lemgave platefiber
collimator assembly. This fine stepping is achieved by utilizing a motorized linear stepping stage
(Zaber LSM25, Vancouver, CanadaThe result is a change in the incident angle ing¢liérection
The emitted fluorescence signal is collected by the objective and projected onto a CCD camera
(Hamamatsu 9100C) by a tube lehs (50 mm).

0
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The ultimate goal othe line scanneis to provide illumination that efficiently couples excitation
photons to ie PC, while providing spatial resolution sufficient for visualization of microarray spots
that maybe 5 200mm diameter.

4. Utilizing PCEF for Improving the Sensitivity of Microarray Applications

Since their first introduction in the scientific literegéuin 1982, microarrays have revolutionized the
study of gene expressioNlicroarray analysis has extended to the high throughput studyho$taof
other biologicalanalytessuch as proteins, peptides, tissue, cells, antibodies, and chemical compounds.
In our work, we have demonstrated significant gains in detection sensitivity by applying the PCEF
technology to the microarray platform in the context of DNA and protein microarrays.

4.1 PCEF forDifferential Gene Expression Analysis

The DNA microarraygained prominence as a fluorescebesed tool for theéhigh throughput
guantification of gene expression, allowing a large number of candidate genes to be examined for
differential expression simultaneously without extensive prior knowledge of gene hsctio
Eukaryotic gene expression is typically characterized by a large number of genes expressed at very
low levels and a decreasing number of genes expressed at highlj3&y@s Usually the fluorescence
intensity of only high expression gedeé small fraction of all genes in a cell populat®rCan be
detected above the noise in the experiment. However, the profiling of low expression genes, many of
which have important housekeeping functionsalso of keen biological interesTo better quantify
theselow abundance genesg began by pursuing the engineering and fabricatisudace PC®n
plastic substrates. The nanoreplica fabrication process produces P@sifaitmity over largesareas
necessary fohigh densitymicroarrays comprised of thousandf capture probesThe PCs were
fabricatedin the format of standard microscope slidelowing them to be seamlessly incorporated
into the standard assay workflow alongside control glass sles imaged using a commertyal
availablefluorescence migrarray scanner.

To facilitate the binding of DNA molecules to the PC, the slides are functionalized with a
vaporbasedepoxysilanebased surface chemistf§9] and each PC was paired with a silanized glass
microscope slide that acted as the control san®lset of 192 oligonucleotideepresentative of
soybean gendd0] were printed in replicates of 40, for a total 880 spots per slidehe spots were
incubated and then UV crosslinked. TotaNA&R was extracted from freeze dried soybeans seeds
(Glycinemaxcultivar Williams), purified and labeled with Cy5 by reverse transcription. Printed slides
were blocked with bovine serum albumin and then hybridized overnight &€ Afith the labeled
samples.Approximately 40 pg of total RNA was used per slide. Alides received identical
treatments throughout the assay. All slides were scanned using a confocal microarray scannet
(LS ReloadedTecan) using a TM polarized lasex< 632.8nm) and an emission filter with a range of
670/ 710 nm. All slides were scaed at identical PMT gain settings and at a pixel resolution of 10 pm.
Glass slides were scanned at normal incidence (0 degrees) while the PCs were scanned at the
respective resonant angled iation. Spot signato-noise ratio (8IR) was calculated athe local
background subtracted spot intensity divided by the standard deviation of the local background.
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The overall effect of th®C enhanced fluorescengbenomena is to amplify the fluorescent signal
from molecules within approximately 100 nm of thé Burface This PC wasngineeredo enhance
the common microarray dye cyaniigCy5) by more than one order of magnitude when scanned in a
commercial microarray scanrfdd]. The application of this PC design to-adlor microarrayexperiment
was pursué where thedifferential expressiorwas assessebletweenGlycine maxcotyledons and
trifoliates, which represent tissues from two distinct developmental stages in the Soigoepi?].

The signal enhancement factisr defined as spot intensity subtracted the local background
observed on the enhancement substrate divided by the same value observed on the glass slide
control substrateThe signal enhancement factor observed frorb@pots with high expression genes
in this microarray experiment wap@oximately60 x (see Figure 9)

Figure 9. Fluoresent images of microspots from sandwich immunoassagTNF-U
and IL-3) for two different concentrations obtainaging the objective coupletine
scanningsystem.
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However, SNR enhancemeid a more relevant measure oveignal enhancement because
microarray data analysis programs use SNR values to classify spots as detected or not Itletected.
possible to achieve good signal enhancement without achieving similar SNR enhancement if a
subgrate enhances fluorescence llgo has a large noise value, thagiding any advantageof
fluorescence enhancement. We observe ti@PIC not only attains a large signal enhancement but it
also achieves an SNR enhancement of approximatety(df@asued over all spots in the experiment),
suggesting that the array can detect hybridization at concentration®d@r than can be detected on
glass substratesince he SNRis enhanced by more than one order of magnitude on PC substrates,
genes with expssion levels that were lower than the noise floor on glass substrates can now be
measured on PCghis allows researchers to preserve the advantageous throughput of microarrays
while increasing the sensitivity of their measuremeni® practical effect afhe PC is to improve the
dynamic range of the expression measurements and allow for quantification of low expression genes.
The direction of differential expression in these low expression genes is confirmed by sequencing data,
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which agreed with the micaoray analysis for 39 of the 41 genes identified as differentially expressed
only on FC microarraysBy expanding the dynamic range of the microarray experiment, the number of
genes for which statistically significant changes in expression could be absap®ved from 26 to

66 genes, or from 13% to 34% of thengs probed in the experiment. Thigygests that the detection
capabilities of current microarray protocols can be greatly expanded by just the substitution of conventional
substrates with an enfized fluorescence substrate like the PC. By enharfitiogescencemore than
doublethe number of genes werdentifiedon the PCas differentially expressed between the trifoliate

and cotyledon tissues, demonstrating that enhanced fluorescence oft¢icalplenefis to a DNA
microarray experimer(Figure 10)

Figure 10. Representative fluorescence images of an identical subarrag) adhe( PC

and p) glass slide. Both images were taken at identical gain settings. Line profiles through
low expression gene<)(and high expression gened) (provide a comparisonfaspot
intensities on the PC and glass slides. Reprifiteich [42] with permission. Copyright
2010 ACSPublications.
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Utilizing a PC surfaceamplifies the fluorophorentensity relative to thautofluorescence from the
plastic substratehowever the impact of substrate fluorescence on the measurements, mainly from the
replica molding material, will mask the detection of very low fluorescence intensity from the analyte
Substrate autfluorescence is an important contributor to the experimental noise in a microarray,
making the choice of this material very critical. To address this concern, surface PCs fabricated on
low-autofluorescent quartz substrates were adoptée HFC used here is composed of a-one
dimensionalperiodic structure formed on a low refractive index quartz surface that is coated with a
high refractive index layer of TiO

In the same DNA microarray experiment on quartz based PCs and control glassvhidethe
expression profile of alycine maxcotyledon sample wastudied the impact of spot intensity
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enhancementsesulted in a similar increase in thember of genes that were detectable on the PC as
compared to glasgt3]. On averagetwice as mayn genes were detectable on the PC. Many of the
highly expressed genes, detected both on the glass and PC, encode storage proteins which are abund
during this stage of seed development. The additional genes detected only on the PC represen
enzymes and mportant regulatory transcription factors that are expressed at lower levels.
Transcription factors provide genetic control over development and can also be important markers of
disease state. The ability of the PC to detect these low abundance trarsceifsted by the lower
average fluorescence intensity of 515 counts for genes detected only on the PC as compared to a
average fluorescence intensity G280 counts for genes detected on glass.

Although the gains from the fluorescence enhanceddsdtbby the quartz PCs in the context of
these DNA microarrays are comparable to that of the plastic based PGsatteePCs offea unique
advantageSubstrate autofluorescence is an important source of noise in a microarray experiment, and
increases wheilluminated with higher energy (or lower wavelength) photons. The quartz PCs have a
substrate fluorescence that is 15 times lower than plastic PCs. This is an important consideration wher
designing a PC to enhance fluorescence emission dyamne3 (Cy-3, uxcitation = 536 nm), another
fluorophore that is routinely used in DNA microarrays. Devices fabricated offllovescence quartz
substrates and designed for multiple fluorophore enhancerawtsbeerpursued for Zolor DNA
microarray applications.

The increased SNRs provided the PCs may allow researchers to perform experiments that are
currently problematic on glass slid&ecause lower amounts of bound sample can be detected with
the PC, sample sizes may be reduced to volumes that wouldfibelt to probe using normal glass
substratesThis may be particularly helpful for profiling gene expressiofinmted tissue samples or
small populations of rare cellSThis approach is not limited to conventional DNA microarray
experiments Any surfacebound biomolecular assay can be performed on these PCs for improved
performance, ase will next illustrate with protein microarrays

4.2.PCEF forMultiplexed Protein Biomarker Detection

Antibody-based proteirmicroarraysare avaluable tool for stuging cellular protein production
with potential applications as a clinicalol in disease diagnosand drug tcovery[44i 47]. Protein
microarrays are tavorable platfornfor the detection of circulating biomarkers becatiss combine
multiplexed detetion, minimal reagent usage, and high sensitii®y.running calibration standards
alongside patient samplegrotein microarrays providejuantitative measurementsof analyte
concentration. Furthermarprotocols have been developed that demonsinatéplexed detection of
biomarkers in serum througtuorophoretagged secondary antibodida many clinically relevant
applications, such as for detection of biomarker proteins that are expressed by cancer cells at a tumo
site and subsequently diluted byetkotal blood volume of a person, a target protein may only be
present at concentrations in thel@0 pg/mL rang¢48i 51]. There is substantial interest in extending
the limits of detection (LOD) and generally increasing theRSiIN order to diagnose disease at the
earliest possible stage and to quantify biomarker levels at concentrations that were below previous
limits of detectionFluorescenbaseddetection of chemically tagged analytes has been demonstrated
as a robust, highlspecific, and easily multiplexed method for achieving high sensi{iys7].
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We have utilized?CEFto developa highsensitivity platform forthe detection of a panel 6f20

breastcancer biomarkers in a protein microarray forj&8,59. Our resuls show that the resonant
excitation effect increases the sigt@noise ratio by 3.8to 6.6fold, resulting in a decrease in

detection limits of 689%, with the exact enhancement dependent upon the antindidgn

interaction. Dos@esponse charactertkan of the photonic crystal antibody microarrays demonstrates
the capability to detect common cancer biomarkers in the <2 pg/mL concentration range within a mixed
sample using polyméryased PCs and a commercially available confocal microarray laserrscanne
The first step in the assay is to priatpture antibodiesn the slidereplicate arrays are printéd
assess the experimental variability in each slide slide isblockedto limit the non-specificbinding
of analytes in subsequent steps. The skdéen incubated with a test sample consisting mixdure

of biomarkers. Next, the slide is washed to remove all unbound biomarkers and then inaithated
mixture of biotinylated secondary detectiantibodiesFinally, the secondary detection amities are

labeled by incubation with streptavid@y5 (Figurell). In this platform, alongside the test samples, it
IS routine to generate a standard curve by assaying a concentratiortrssriesvers a 1,000-fold
range of protein concentrations.

Figure 11.Replicateaveraged SNR values for 192 genes probes are presented in a logarithmic

plot. Genes are ordered by their average SNR value and a cutoff line of SN&Rused in
each graph to determine the number of genes detected. Cotyledon emppesties are

plotted in @) for a glass slide and)(for a PC slide, respectively. Trifoliate expression profiles

are presented i) for a glass slide andi) for a PC respectivel\Reprintedfrom [42] with
permissionCopyright 2010ACS Publications
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The effectof PC enhanced fluorescence westermined by comparing the fluorescence output

whenthe PC is illuminated with the excitation laser at an incident angle matched R&thesonant
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The fluorescent image of one blookan arrayexposed to the second highest concentration in the

dilution series depicts the typicsignal enhancememwiservedwhen the PC is imaged emesonance
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The fluorescence signal intensity was enhanced by a factor of 13fedd2y illuminating the PC at
its resonant condition (Figure 12), using the commercially available confocal microarray scanner
described in gure 7(a).

Figure 12.(a) Schematic diagram of the protein microarray assay format. Each microscope
slide is divided into 16 wells and each well consists of 20 capture antibodies printed in
guadruplicates(b) A fluorescence image of a well obtainedra completion of the assay;
spot color is representative of biomarker concentration.
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The PCenhances theutput of anyfluorophore within the evanescent field region, regardless of
whether the source of the fluorescenca {Sy5 molecule within the capture spot ae&y5 molecule
nonspecifically bound outside the capture spot asedofluorescent material within the device
structure, orautofluorescence from the chemid¢ahctionalization layerlt is observed that enthe
PC is onresonance, the background intensity iso4-fold higher compared to the efésonance
condition. Even s an overall SNR enhancement of.8 to 6.6fold was observedor the assays
because the magnitude of the PC enhancement is gvattar the capture spots than in the regions
between the spot©bserved enhancements3NR is particularly important for detecting antigexts
low concentrationd For example, two antigeiSsGFR anduPAR were detected abncentrations as
low as 3.6 and Z.ng/mL, respectivelyAt the PC off resonancé#he spot signals for EGFR and uPAR
at these same concentrations were nhmsiged (SNR < 3) and could ndie differentiated from the
local background fluorescencelowever, at the PC resonance, thesene spts were detectable
(SNR > 8)over the backgroundThe ability to detect reduced concentrations of such antigens is
extremely important to the early detection of disease biomarkers, which in general are present at very
low concentrations in serurihe sigual intensities from each dilution in the concentration series were
used to generate standard curves using the Protein Microarray Analysis Tool (ProMAT) software,
developed by Pacific Northwest National Laboratdryepresentativetandard curves for TNIFwhen
the PC is ofresonance and efesonanceés presented in Figure 18Ve found that when eresonance,
the PC demonstrated better precision as indicated by the steeper slope in the linear region of the
standard curves, and ~16ld reducedimit of detection Doseresponse curves for detection of one
biomarker (TNR) is shown in Figure 14, with measurements takemesonance and efesonance,
in which the enhanced excitation effect provides a clearly amplified signal for all concentrations.
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Figure 13.(a) Fluorescence images of Cy5 labeled protein microarray spots from a block
exposed to a mix of 20 biomarkers. Images on the left and right indicate the block on the
PC scanned an resonance and off resonance, respectively. Images were obtiiaed
confocal microarray laser scanner and at identical gain set{ipp€omparison of the
replicateaveraged fluorescence intensity at PC resonance and off PC resonance for all
functional assays in the array. Error bars indicaieofle standard dewian of 8replicate

spots. Reprintettom [58] with permission. Copyright 2011 AG=ublications.

Figure 14.Standard curves for TNIFvhen the PC is imaged at its resonance condition (solid
curve) and off resonanddashed curve). The PC demonstrates higher detection sensitivity
at its resonance condition as indicated by the steeper slope in the linear rap@salid

curve. Sensitivity here is defined as the fluorescence signal changer per unit change in
concentration. Reprintefidom [58] with permission. Copyright 2011 AGRublications.

5. Conclusiors

As shown in the preceding examples, PC surfaces ioffgortantadvantages ifluorescencdased
molecular diagnostic applications such gsne expression analysend biomarkebased disease
diagnostics by providing the ability sonplify the number of emitted photoosmpared tgerformingthe



