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Abstract 

 Photonic crystal surfaces that are designed to function as wavelength-selective optical 

resonators have become a widely adopted platform for label-free biosensing, and for 

enhancement of the output of photon-emitting tags used throughout life science research and in 

vitro diagnostics.   While some applications, such as analysis of drug-protein interactions, require 

extremely high resolution and the ability to accurately correct for measurement artifacts, others 

require sensitivity that is high enough for detection of disease biomarkers in serum with 

concentrations less than 1 pg/ml.  As the analysis of cells becomes increasingly important for 

studying the behavior of stem cells, cancer cells, and biofilms under a variety of conditions, 

approaches that enable high resolution imaging of live cells without cytotoxic stains or 

photobleachable fluorescent dyes are providing new tools to biologists who seek to observe 

individual cells over extended time periods.  This paper will review several recent advances in 

photonic crystal biosensor detection instrumentation and device structures that are being applied 

towards direct detection of small molecules in the context of high throughput drug screening, 

photonic crystal fluorescence enhancement as utilized for high sensitivity multiplexed cancer 

biomarker detection, and label-free high resolution imaging of cells and individual nanoparticles 

as a new tool for life science research and single-molecule diagnostics.   
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1. Introduction  

Since the first description of photonic 

crystal (PC) surfaces coupled with biological 

recognition molecules that allowed them to 

function as highly specific and sensitive 

biosensors [1-3], the properties of PC 

biosensors have enabled them to become a 

broadly used and intensely researched 

technology platform. In contrast to the broad 

resonances produced by lossy metallic 

materials that comprise surface plasmon 

resonant (SPR) sensors, the low-loss 

dielectric materials of a PC optical resonator 

enable narrow (<1 nm) bandwidth, high (~95-

100%) reflectivity resonances that in turn 

provide the ability to measure small changes 

in the resonant wavelength with greater 

precision. Importantly, the resonant 

characteristics of a PC surface can be excited 

at normal incidence without the need for 

contacting the sensor with a coupling prism, 

which facilitates measurement of the resonant 

wavelength in either reflectance or 

transmittance configurations using low-

intensity broadband light sources [4-6], light 

emitting diodes [4], and tunable lasers [7, 8]. 

While the first PC biosensors were designed 

to operate in the near-infrared portion of the 

spectrum [1, 3, 5, 6, 8, 9], the resonant 

wavelength of a PC biosensor may be 

designed to occur at wavelengths ranging 

from ultraviolet [10] through the visible parts 

of the spectrum [11-13] through selection of 

the PC period and dielectric materials to suit 

the need for specific applications. PC 

biosensor structures have been demonstrated 

using a wide variety of materials, including 

devices built upon glass [14-18], silicon [19-

21], and polymers using fabrication 

approaches that include nanoreplica molding 

[3, 22, 23] , roll-to-roll mass production [8], 

holographic lithography [1], optical 

lithography [21], and electron beam 

lithography [19, 20, 24-26]. For several of the 

fabrication approaches, PC biosensors have 

been fabricated with costs that are compatible 

with single-use disposable applications in 

formats that include microtiter plates [8, 23, 

27], microscope slides [12, 13, 28-30], and 

microfluidic devices [31-34]. A wide variety 

of biomolecular assay applications have been 

demonstrated in these platforms that include 

small molecule high throughput screening [27, 

35, 36], protein-protein interaction detection 

[37], inhibition of protein-DNA interactions 

[38], small molecule aggregation [27], 

molecular diagnostics [16, 21, 39-43], and 

direct detection of virus particles [44-46] at 

physiologically relevant concentrations. One 

of the most important application areas for PC 

biosensors has been for cell-based assays. 

Since the first demonstrations of cell 

adsorption sensing using a PC biosensor [5, 8], 

the platform has been utilized to study the 

interaction of cells with immobilized coatings 

of extracellular matrix (ECM) and a variety of 

immobilized antibodies and antigens [12, 28, 

47, 48]. Exposure of PC-adsorbed cells is 

routinely used to monitor the effects of drugs 

upon surface-exposed cell receptors as a tool 

for measuring cytotoxicity [49-51], drug 

target specificity [52-61], and even the 

response of immobilized cells to apoptotic 

cells in the media [62]. 

In addition to the ability of PC surfaces to 

perform label-free detection of biological 

analytes, illumination of PCs with light that 

matches its resonant coupling condition 

creates high intensity electric field standing 

waves that can excite a wide variety of photon 

emitters with greater intensity than they 

would experience on an unstructured surface 

[63, 64], using an approach called “photonic 

crystal enhanced excitation.” PC surfaces 

have also been demonstrated to be capable of 

channeling the photon emission of sources 

that are embedded within the structure 

preferentially along the dispersion curve of 

the PC, which can be used to more efficiently 

extract photons towards detection optics, and 

to thus increase photon collection efficiency. 

The “PC enhanced extraction” effect operates 
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independently of the PC enhanced excitation 

effect, and thus their contributions multiply, 

resulting in the ability to achieve overall PC 

enhanced fluorescence [65-67] (PCEF) effects 

as high as 7500x [17, 68, 69]. PCEF has been 

applied to boost the signal-to-noise ratio for 

fluorescent dye molecules [65, 70-72], 

quantum dots [65, 67], and Raman scattering 

[73-75] for applications in biosensing and 

high efficiency lighting [76, 77]. Within the 

field of biosensors, PCEF has been used to 

reduce the limits of detection for gene 

expression microarrays [30, 71], detection of 

cancer biomarkers in serum [16, 21, 39], and 

low-concentration transcription factors 

expressed by plant cells [43]. Label-free PC 

biosensing and PCEF have been implemented 

on PC structures and detection instruments 

that are capable of supporting both sensing 

modalities for applications that include DNA 

microarrays [29, 78] and cell-surface 

attachment imaging [47]. 

This review will focus upon the most 

recent advances in sensing structures, 

detection instruments, and applications for 

label-free PC biosensors and PCEF developed 

in the Cunningham Group at the University of 

Illinois, as summarized in an invited 

presentation at a special session on “Photonic 

and Phononic Crystal Sensors” at the 2014 

IEEE Sensors Conference in Valencia, Spain. 

First, we will describe how the detection 

resolution of PC label-free biosensing can be 

extended to characterizing the interaction of 

small molecules (such as drugs) with 

immobilized protein targets by a new 

instrumentation approach in which the PC 

forms one mirror of an external cavity laser 

(ECL). Combined with PC biosensors 

embedded within a microplate format, the PC-

ECL biosensing method provides an approach 

for extremely accurate referencing of the most 

common sources of biosensor noise, thus 

enabling small molecule screening of drug-

protein interactions to be performed robustly. 

Next, we summarize the development and 

demonstration of a new form of microscopy, 

called “PC Enhanced Microscopy” (PCEM) 

that is used for label-free, kinetic imaging of 

cell-surface interactions. PCEM was 

developed to provide a new tool for biologists 

who seek a more clear understanding of how 

cells interact with basement membranes 

during stem cell differentiation, cancer cell 

metastasis, wound healing, and biofilm 

growth. PCEM has also proven capable of 

sensing individual dielectric and metallic 

nanoparticles when they are attached to a PC 

biosensor surface, opening potential 

application in “digital” diagnostics with 

single-analyte molecule resolution. Finally, 

we summarize recent development of the 

PCEF platform, in which the electromagnetic 

enhancement factor and extraction efficiency 

has recently been further improved through 

incorporation of a Fabry-Perot optical cavity 

underneath the PC, which serves to couple 

two independent cavities together. 

2. External Cavity Laser (ECL) 

Biosensors: An active optical resonator 

instrument for ultrahigh resolution for 

sensing small wavelength shifts 

PC structures have been utilized as label-

free sensors for a wide variety of 

biomolecular assay applications [36-38, 79]. 

PC sensors detect refractive index changes 

induced by adsorption of biomolecules and 

allow direct measurement of the binding 

affinities and binding kinetics to characterize 

molecular interactions in real time [2, 3, 8]. 

The narrow spectral linewidth enables PC 

sensors to resolve small wavelength shifts 

associated with the detection of analytes at 

low concentration or detection of 

biomolecules with low molecular weight, 

such as small molecule drug compounds. To 

further extend the detection resolution of PC 

sensors, we have proposed the idea of laser 

biosensors, and have demonstrated various 

types of laser biosensors as a new route for 

high-precision, label-free detection [22, 35, 

80-83]. Recent successful demonstrations 
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include distributed feedback laser biosensors 

[22], PC-ECL biosensors [81], and plasmonic 

ECL biosensors [83]. These systems generate 

extremely narrow resonant linewidth and high 

intensity output beams through stimulated 

emission while maintaining high detection 

sensitivity and utilization of a simple 

detection instrument, enabling direct detection 

of small molecule binding to immobilized 

protein targets [35]. 

 In the ECL biosensor, a PC resonant 

reflector surface is used as the transducer 

upon which biological material is adsorbed 

and serves as the wavelength selective 

element of the ECL cavity [81]. The PC 

sensor contains a one-dimensional surface 

grating structure with a period of 550 nm, as 

shown in Fig. 1a. It is produced via a room-

temperature replica-molding process using a 

UV-curable polymer on a transparent 

polyester sheet [3]. The low refractive index 

polymer grating structure is subsequently 

coated with a film of high refractive index 

TiO2 to achieve the final sensor structure, 

which exhibits guided mode resonance with 

narrow bandwidth and high reflectivity at 850 

nm. Adsorption of biomolecules modulates 

the resonant wavelength of the PC, which 

subsequently tunes the lasing wavelength of 

the ECL. Compared to simply measuring the 

passive resonant reflection spectrum of the 

PC, the ECL achieves high spectral resolution 

through stimulated emission and allows the 

measurement of small wavelength shifts. 

Importantly, since the optical gain is 

externally provided by a semiconductor 

optical amplifier (SOA) in the ECL, the PC 

sensor surface can be inexpensively 

manufactured over large surface areas to 

produce biosensors in a standard microplate 

format, as shown in Fig. 1b, for compatibility 

with automated liquid handling formats used 

for high-throughput applications. 

To improve the ability of the ECL 

biosensor to more easily distinguish true 

signals caused by biomolecular binding from 

a variety of sources of background noise, a 

self-referencing approach was developed 

based upon a dual-mode ECL [35, 82]. In the 

configuration of the dual-mode ECL system 

described in [35], two PC sensors in adjacent 

wells of a 384-well microplate were 

concurrently utilized as wavelength selective 

elements in the ECL cavity. Each sensor 

selects its own resonant wavelength, so the 

ECL system can lase at two independent 

wavelengths simultaneously. A schematic 

diagram of the instrument is shown in Fig. 1 

with a dual-mode lasing spectrum shown as 

an inset in Fig. 1c. Self-referencing is 

achieved by designating one well as the 

reference well and the other as the active well, 

where both sensors were fabricated identically 

on the same substrate and were prepared 

identically with exception of the immobilized 

protein in the active well. Due to the close 

proximity of the active and reference sensors, 

accurate referencing is achieved to 

compensate for thermal variations and 

nonspecific binding. Kinetic monitoring of 

the lasing wavelength value (LWV) is 

achieved by directing a portion of the lasing 

emission energy with a beam splitter to a 

detection instrument such as a spectrometer or 

interferometer-based laser wavelength meter. 

The self-referencing ECL biosensor 

instrument was used to study five well-

characterized protein-small molecule binding 

interactions: CA II-dorzolamide (KD = 1.1 

nM) [84],
 
NQO1-dicoumarol (Ki = 1 – 10 

nM),[85] XIAP-SM-164 (Ki = 0.56 nM) [86], 

caspase-3-Q-VD-OPh (IC50 < 25 nM) [87] 

and N-hydroxyindole-1 (NHI-1)-hLDH-A (Ki 

= 10.8 µM) [88]. These protein-small 

molecule interactions have binding affinities 

or inhibition constants ranging from sub-

nanomolar to low-micromolar, which are 

typical of most protein-small molecule 

interactions. As shown in Fig. 2, the system 

can detect the interaction of the five protein-

small molecule pairs. To further demonstrate 

the high throughput screening (HTS) 
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capability of the ECL biosensor assay, a 

“needle-in-the-haystack” screen for inhibitors 

against CA II was performed. A 47-member 

compound collection obtained from an in-

house screening library, plus dorzolamide, 

was screened at 50 µM with CA II 

immobilized to the sensor surface. 

Dorzolamide could be clearly differentiated 

from the other non-binding compounds, 

validating the HTS capability of the assay in 

identifying protein-small molecule binders. 

The PC-ECL biosensor system achieves 

high detection sensitivity and high spectral 

resolution while being capable of eliminating 

thermal noise through accurate referencing. 

Protein-small molecule binding can be 

accurately detected in this robust detection 

system without temperature control of the 

reagents and the sensor, in an HTS 

compatible microplate format. In light of 

previous biodetection approaches based upon 

optical resonators [89-92], the ECL-based 

optical biosensing approach represents a 

substantial technical advancement by 

simultaneously achieving high resolution 

through stimulated emission and maintaining 

high sensitivity of PC sensors, offering a 

sensing platform for the identification and 

validation of small molecule binders to 

protein targets in a broad range of biologically 

significant applications. 

3. Photonic Crystal Enhanced Microscopy 

(PCEM): A new mode of optical 

microscopy for label-free, high-

resolution, time-resolved imaging of 

cell/surface interactions and sensing of 

single nanoparticles 

Because the PC surface structure does not 

enable lateral propagation of light at the 

resonant wavelength, it is possible to create 

spatial maps of the resonant wavelength and 

the resonant damping that allow high 

resolution imaging of biomaterials distributed 

across the surface. Because the evanescent 

electric field is confined close (~200 nm) to 

the PC surface, the resonant characteristics 

only samples material that has a close 

association with the PC surface, such as 

membrane components of surface-adsorbed 

cells, or surface-attached nanoparticle tags. 

To date, PCEM has been used to image the 

surface attachment of live cells [12, 28], 

nanoparticles, and protein-protein binding 

events [13]. In addition, PCEM can be 

combined with a fluorescence imaging system 

(addressed in section 4) to enhance the 

intensity of fluorescenct tags applied to cell 

membrane or cell nucleus components, which 

serves as an approach to estimate the 

proximity of fluorescent emitters to the PC 

surface [47]. 

In the PCEM system (Fig. 3a-b) [12, 13, 

28], a one-dimensional PC biosensor is 

fabricated of a periodic grating structure of 

low refractive index material (e.g. UV curable 

polymer) coated with a high refractive index 

layer (e.g. TiO2). The grating (period ~400 

nm) enables phase matching of external 

radiation to the modes supported by the PC 

surface and symmetrically gives rise to the 

leaky nature of these modes by enabling re-

radiation of the confined light. For a 

broadband light source with resonant incident 

angle and wavelength, the re-radiated modes 

couple light into and out of the high refractive 

index layer, and constructively and 

destructively interfere with the zeroth-order 

transmitted light in the sub-wavelength 

grating structure. Consequently, a sharp peak 

in reflection (with nearly 100% efficiency) 

can be observed in far field when illumination 

wavelengths (e.g., λ=620 nm)  and angles 

(e.g., θ=0º) satisfy the resonance condition, 

indicating that complete interference occurs 

and no light is transmitted. 

A linear scanning approach is used for 

PCEM imaging, as shown in Fig 3c. A 

standard inverted-microscope (with ordinary 

bright-field imaging components) was 

integrated into the PCEM system with an 

additional illumination path beneath the PC 

from a fiber-coupled broadband light-emitting 



1530-437X (c) 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE
permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JSEN.2015.2429738, IEEE Sensors Journal

6 

diode (LED). The output light from the fiber 

was first polarized with a polarizing 

beamsplitter cube to preseve only the 

transverse magnetic (TM) mode of the PC, 

and then focused by a cylindrical lens to be 

formed as a linear beam at the back focal 

plane of the objective lens. After interacting 

with the material attached on PC surface, the 

reflected light was projected through a narrow 

slit aperture to an imaging spectrometer and 

then the spectograph was collected by a CCD 

camera. By measuring the peak wavelength 

value (PWV) or peak intensity value (PIV) at 

resonance of the optical spectrum on a pixel-

by-pixel basis (Fig. 3d), an image of the 

attached material density within the 

evanescent field on a PC surface may be 

recorded. 

Recently, PCEM has been successfully 

demonstrated as a label-free imaging system 

with many advantages. Measurement of cell 

attachment or characterization of protein-

protein interactions can be achieved through 

locally tuned reflection spectra due to light-

matter interaction on the PC within the 

evanescent electromagnetic field (Fig. 3e). As 

a label-free imaging modality, biomaterial 

attachment can be detected using PCEM 

without dyes or stains, which avoids 

photobleaching that is typically associated 

with fluorescent stains, and can hence be 

scanned repeatedly for long term experiments 

(hours or days). In the PCEM system, a PC 

can be illuminated in reflection mode from 

the bottom, efficiently avoiding the scattering 

from the cell body, which can happen in 

transmission mode when the light passes 

through the cell body, cell media, and the 

liquid-air meniscus. The use of broadband, 

noncoherent, low intensity light from an LED 

with normal incidence illumination allows the 

optical setup to be further simplified and 

avoids pre-tuning to a particular resonance 

condition, as typically required for SPR 

imaging. Furthermore, lateral light 

propagation in the PC surface structure is 

strictly limited, which enables sufficient 

imaging resolution for measuring subtle 

variations in biomaterial adhesion. In addition, 

a PC sensor can be fabricated (Fig. 3f) with 

inexpensive methods (e.g. replica molding) 

with UV-curable polymer and prepared with a 

variety of surface chemistry 

functionalizations. PCEM imaging provides 

novel information about cell/surface 

interactions that is fundamentally different 

from what is obtainable with conventional 

optical microscopy. 

Live cells are integrated both structurally 

and functionally with their surrounding 

extracellular matrices (ECMs) in highly 

organized processes, which may be 

dynamically involved with thousands of 

proteins. The interaction between the cell 

membrane and the ECM is essential to 

regulate and mediate various cellular tasks, 

including cell adhesion, cell migration, stem 

cell differentiation, etc [93, 94]. However, 

due to the complexity of the cell–ECM 

adhesion process, the underlying mechanisms 

remain a topic of intense research interest. 

Conventional methods to characterize these 

interactions involve histological stains/dyes or 

fluorescent labeling, which may be cytotoxic 

or difficult to use for long term imaging due 

to photobleaching of dyes and labels. PCEM, 

as a label-free biosensor-based microscopy 

system with sufficient spatial resolution 

(0.6µm), temporal resolution (10s), and an 

integrated incubator, is an excellent approach 

for measuring cell-ECM interactions over 

extended time periods while still preserving 

the natural conformation of the cellular 

materials. Here we summarize PCEM 

imaging of cell-ECM interactions over time 

during chemotaxis, apoptosis, and 

differentiation. 

Using PCEM, PWV images are acquired 

and peak resonance shifts can be observed 

during live-cell attaching and spreading, 

indicating an increase in the concentration of 

cellular material on the PC sensor surface 
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within the penetration depth of evanescent 

field [12]. Morphological surface profiles (Fig. 

4b) and representative spectra (black curve: 

background, red curve: cell, Fig. 4c) are 

shown for surface-attached human pancreatic 

cancer cells (Panc-1). Compared with 

conventional brightfield images (Fig. 4a), 

PWV images (Fig. 4b) provide more subtle 

information for the non-uniformity of the 

attachment profile resulting from high axial 

resolution (~200 nm) of PCEM imaging. For 

instance, a local PWV shift demonstrates the 

presence of localized cellular adhesion while 

a sub-variation of PWV indicates modulation 

of attachment strength. A greater PWV shift 

along the cell edge suggests higher 

concentration of intracellular matter, which 

could be the formation of lamellipodia or 

actin filament bundles at the focal adhesion 

sites. A filopodial extension on a single cell 

during movement is easily identifiable and 

quantifiable from the acquired PWV images. 

Time sequences of PWV images can also 

be acquired in PCEM to capture the dynamic 

movement of cellular processes. Fig. 5a 

demonstrates sequential frames from a PWV 

movie taken with three minute intervals for a 

dynamic adhesion procedure of murine dental 

stem cells (mHAT9) seeded on a fibronectin-

coated PC surface. Stem cells initially exhibit 

small, round attachment areas in PWV images 

and progressively increase their contact area 

with PC while the cell edge becomes more 

irregular. Cell detachment and apoptosis, 

induced via protein kinase inhibition (by 

adding staurosporine), were detected and 

recorded as movies using the PCEM imaging 

system (Fig. 5b). Furthermore, stem cell 

chemotaxis experiments were performed on 

the PC surface and imaged using PCEM. The 

random detachment or locomotion of cells is 

observable and shows a full recovery of initial 

local PWV in the absence of cells at the 

original location. In summary, compared with 

conventional live-cell imaging methods, 

PCEM demonstrates unique imaging 

performance, such as directly and 

dynamically monitoring surface profiles of 

cell movement at the single-cell level over an 

extended period of time. These capabilities 

offer a novel technique with significant 

potential for the future investigation of 

numerous cellular processes, including cancer 

cell metastasis and stem cell differentiation. 

As mentioned earlier, fluorescent dyes 

provide enhanced contrast to bioimaging 

modalities, but suffer from photobleaching. 

Alternatively, nanoparticles (NPs) may hold 

great potential when functionalized as 

biosensing tags for biomolecule detection [95]. 

This is due to their size on the nanometer 

scale (which is on the order of the target 

biomolecules) and ability to be prepared with 

ligands (which can enable specific binding 

with target biomolecules). Therefore, 

nanoparticle-based detection has become an 

important element of biosensing technology. 

However, single nanoparticle detection over 

large areas remains challenging due to the 

difficulties in directing the targeting 

molecules to specific locations [20, 96]. 

Nevertheless, imaging-based optical 

biosensing approaches, including SPR-based 

sensors [97, 98], dielectric thin film 

interference sensors [99, 100], and photonic 

crystal sensors [1-4, 39], demonstrate 

advantages since they may detect highly 

localized variations of dielectric permittivity 

produced by target molecules. Here we 

summarize the detection of dielectric and 

metallic nanoparticles (smaller than the pixel 

size) with highly localized effects observed 

by two distinct mechanisms using PCEM [13]. 

For dielectric nanoparticle detection, both 

mechanisms can be applied: an increase in the 

dielectric permittivity from the surrounding 

medium (e.g. n
water

=1.33) to the nanoparticle 

(e.g. n
NP

=1.5) results in a local shift of 

resonance wavelength, while light intensity 

output from the PC exhibits a local reduction 

of peak intensity in the reflection spectrum. 

Fig. 6a shows a 3×3 array of polystyrene 
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nanodots (dimensions of ~500×500×45 nm
3
) 

deposited using thermal Dip-Pen 

Nanolithography (tDPN) with a heated AFM 

tip [101, 102]. The PWV image (Fig. 6b) 

demonstrates the PCEM detection of the 

nanodots, which yields results consistent with 

the AFM images. One pair of representative 

spectra (Fig. 6c) between a nanoparticle and 

background pixel reveal local variation in the 

peak resonance of wavelength and intensity. 

Randomly distributed TiO2 nanoparticles of 

similar dimensions can also be detected using 

PCEM with a sufficiently large peak-

wavelength shift and peak-intensity reduction 

[13]. The mechanism is slightly different for 

metallic nanoparticle detection, as the 

reduction of resonance intensity may be 

caused by highly localized optical absorption 

of metallic nanoparticles (resulting from the 

imaginary part of the refractive index in 

metal). Gold nanoparticles (AuNP, diameter 

of ~100 nm) randomly attached on a PC 

surface had only a small shift in PWV yet had 

detectable variation in PIV images.  

One application of nanoparticle detection 

using PCEM is demonstrated to detect 

antibody-antigen binding with nanoparticles 

as tags [13]. The detection performance of the 

imaging system can be further optimized 

through tuning either the resonance 

wavelength of the PC sensor or the localized 

surface plasmon resonance (LSPR) of the 

nanoparticles to closely match the other. 

Described by Mie-Gans theory [103], the 

depolarization factor along the longitudinal 

direction of a nanoparticle exhibits a strong 

dependence on the aspect ratio, and thus the 

longitudinal plasmon resonance wavelength is 

linearly proportional to the aspect ratio [104]. 

Therefore, we designed and synthesized gold 

nanorods (AuNRs) to improve the imaging 

contrast by matching the nanoparticle’s 

resonant wavelength (λAuNR=620nm) with that 

of the PC. Fig. 7 demonstrates PCEM 

detection of antibody-antigen binding with 

nanoparticles as tags. AuNRs with 

dimensions of 65×65×30 nm
3
 were 

successfully synthesized with an LSPR 

around 620 nm, which matches the PC 

resonance. Then, the AuNRs were conjugated 

with target molecules (e.g. Rabbit 

Immunoglobulin G (IgG)) via flexible linkers 

(e.g. thiol-terminated polyethylene glycol 

(SH-PEG)) and exposed to the PC surface 

immobilized with capture antibodies (e.g. 

anti-Rabbit IgG). After rinsing with 

phosphate buffered saline to remove weakly 

adsorbed antibodies, the PC was measured 

with PCEM and the PIV images were 

recorded. Fig. 7c (Right) plots the 

background-removed PIV image. The 

attached nanoparticles can be observed clearly 

in the image, which demonstrates the 

detection capability of PCEM for protein-

protein binding using nanoparticle as tags.  

Label-free detection of nanoparticles using 

PCEM offers an attractive tool in biosensing 

as it avoids photobleaching of fluorescent 

dyes, utilizes a simple optical setup, and 

provides long-term imaging capability as well 

as versatile applications for any type of 

nanoparticle tags. 

4. Photonic Crystal Enhanced 

Fluorescence (PCEF): An approach for 

high sensitivity assays using enhanced 

excitation of photon-emitting tags 

combined with enhanced collection 

efficiency  

While the first demonstrations of enhanced 

fluorescence appeared shortly after the discovery 

of surface enhanced Raman scattering almost 

three decades ago [105-107], the application of 

this method to improving bioassays has only 

occurred recently, as the use of fluorescence for 

standard protocols in life sciences research has 

become increasingly popular in the past decade.  

Enhancing fluorescence typically relies on an 

interaction between a fluorophore and a resonant 

optical structure, the most common of which are 

metal nanoparticles with surface plasmon 

resonances.  These resonances can affect 

fluorophores in a variety of ways: they can 
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amplify excitation light [108], alter the spatial 

distribution of the fluorophore emission [109], 

modify the radiative lifetime of the fluorophore 

[110], or simultaneously perform more than one 

of these functions [111-113]. Metal nanostructures 

have been demonstrated to enhance fluorescence 

for applications such as immunoassays [114] and 

cell imaging [115] in addition to microarrays.  

Previous demonstrations of metal-induced 

enhancement of microarray dyes have shown a 

signal increase of more than one order of 

magnitude [116, 117].  However, fluorophores in 

close proximity to metals (within 10 nm) often 

transfer their energy non-radiatively as well [118].  

Fluorescence enhancement using metal surfaces 

or metal nanoparticles suffers from quenching if 

the fluorophore is too close to the metal, while 

electromagnetic fields associated with localized 

surface plasmons decay rapidly with distance as 

one moves away from the metal – resulting in 

very stringent requirements for surface-

fluorophore spacing  [119].  The low Quality-

factor of metal-based resonances, due to optical 

absorption, further reduces the achievable 

amplification factor for metal-enhanced 

fluorescence [120, 121]. 

The electric field standing waves that form 

when a PC is illuminated with light that matches 

its resonant coupling condition are capable of 

enhancing fluorescence in a similar fashion to 

surface plasmon resonances, taking advantage of 

two phenomena: enhanced excitation and 

enhanced extraction.  Enhanced excitation is the 

result of incident radiation coupling to a PC 

resonance, which increases the local electric field 

intensity throughout the structure.  These fields 

decay exponentially as one moves way from the 

substrate surface, in a similar fashion to total 

internal reflection fluorescence (TIRF) 

microscopy, but the resonance coupling provides 

a constructive interference effect that amplifies 

the incident wave [122].  Thus enhanced 

excitation provides the benefit of localized 

surface-bound fluorophore excitation observed 

with TIRF, but with increased performance due to 

field enhancement.  Multiplied with this 

enhancement effect is enhanced extraction, 

whereby fluorophore emission couples to the PC 

and is redirected along the PC dispersion [65].  

This mechanism helps to claim emitted light that 

otherwise may have been lost to guided modes 

within the substrate or to emission at oblique 

angles not collected by the detection optics. This 

process provides an optically active surface 

capable of providing uniform fluorescence 

enhancement over large areas without the 

quenching effects that limit metal enhanced 

fluorescence approaches.   

We recently demonstrated PCEF to 

amplify the output of surface-based 

fluorescence assays for multiplexed blood-

based biomarker detection with sensitivity in 

the pg/mL range using silicon-based PCs and 

an objective-coupled line scanning (OCLS) 

instrument. A one-dimensional 

nanostructured grating was patterned on a 

silicon substrate, in a thermally grown layer 

of low refractive index silicon oxide (SiO2) 

beneath a coating of high index titanium 

oxide (TiO2), as shown in Fig. 8. Optimum 

fluorescence enhancement occurs at a specific 

excitation wavelength and incident angle 

combination, controlled by the OCLS 

instrument shown in Fig. 9. In brief, a 6 μm-

wide focused laser line (637 nm) shines along 

the PC grating at a corresponding angle 

exhibiting peak reflectance, facilitating 

enhanced excitation and extraction of 

fluorescence.  

Adsorption of biomaterial (such as surface 

chemical functionalizaiton and application of 

capture molecules) on a PC surface increases 

the incidence angle at which resonance occurs, 

as demonstrated in Fig. 10. Cyanine-5 (Cy5)-

labeled streptavidin (Cy5-SA) and Cy5-

labeled oligonucleotide (Cy5-oligo) were 

used to print, via electrohydrodynamic jet (e-

jet) deposition [123, 124], the two regions of 

the gray-scale image of Rubin's Vase onto a 

silanized PC surface. The protein-printed 

spots had higher surface density, and 

therefore a ~0.1 degree higher resonant 

coupling angle than the oligonucleotide-

printed region. The PC was scanned at two 

different incident angles corresponding to the 

resonant conditions of the Cy5-SA and Cy5-

oligo regions, resulting in the images seen in 

Fig. 10. Thus, we demonstrated the ability of 
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the OCLS system to obtain uniform, high-

resolution images of fluorescence intensity 

and the importance of illuminating the PC at 

the proper resonance condition.  

The Si-PC was also used to perform a 

sandwich immunoassay for two biomarkers, 

TNF-α and IL-3. Capture antibodies for TNF-

α and IL-3 were printed on silanized Si-PC 

surfaces and glass slides (negative control) 

using dip-pen lithography [125, 126]. A mix 

of TNF-α and IL-3 was assayed over a range 

of 7 concentrations in a 3-fold dilution series 

with starting concentrations of 2.0 ng/mL and 

17 ng/mL, respectively. The lowest 

concentrations detectable using spots printed 

on the glass slides and measured using a 

commercially available confocal microarray 

scanner (Tecan-LS), were 25 pg/mL for TNF-

α and 0.21 ng/mL for IL-3. Meanwhile, all 

seven assayed concentrations were detectable 

using the Si-PC and OCLS system, the lowest 

concentrations being 2.7 pg/mL and 23 pg/mL 

for TNF-α and IL-3, respectively (Fig. 11). 

Lastly, a microspot assay of miR-21, a 

miRNA sequence implicated in the 

progression of breast cancer [127], was 

performed on the Si-PC. All seven 

concentrations of the miR-21 target sequence, 

ranging from 10 nM to 0.6 pM, were 

detectable. The obtained dose-response curve 

is shown in Fig. 12. 

Characterization of cell-substrate 

interactions is useful for understanding the 

dynamics of cellular morphology, motion, 

function, and behavior throughout the cell 

cycle and in response to environmental cues, 

which have major implications in fields such 

as immunology and cancer biology. We 

recently published the first report of a PCEF 

microscopy approach comprising of a sensor 

structure, detection instrument, and image 

processing algorithm for imaging and 

quantifying cell-substrate distances. The PC 

used in this work is comprised of a grating 

structure formed in a low-refractive-index 

ultraviolet curable polymer (UVCP) upon a 

glass coverslip. The polymer grating structure 

is coated with a ~200 nm SiO2 spacer layer 

followed by a ~95 nm high-refractive-index 

TiO2 thin film, as shown in Fig. 13a. The PC 

was fabricated via room-temperature 

nanoreplica molding as a 9x9 mm
2
 region on 

the surface of a standard microscope slide 

(Fig. 13b) and characterized using atomic 

force microscopy (Fig. 13c).  

The surface was designed to exhibit 

resonance at both the excitation and emission 

wavelengths of dyes in the spectral range of 

Cy5, specifically, λex = 637 nm and λem ~ 680 

nm. The PC structure selectively provides 

enhanced excitation via the transverse 

magnetic (TM) mode at the on-resonance 

angle while always yielding enhanced 

emission via the transverse electric (TE) 

mode for emitters on the PC surface matching 

the TE mode wavelength. Finite Difference 

Time Domain (FDTD) Solutions (Lumerical 

Inc.) was used to simulate the optical field 

distribution and the distance-dependence of 

the enhancement effect for this PC design. 

The enhancement factor, or the ratio of 

averaged electric field intensity at on- and off-

resonance conditions, was calculated at 

heights ranging from 2 to 600 nm, as shown 

in Fig. 13d.  

All images were acquired using a custom-

built detection instrument (Fig. 14). In short, 

the instrumentation includes a fiber-coupled 

semiconductor laser excitation source (λ = 

637 nm) that illuminates the cells from 

beneath the PC, perpendicular to the PC 

grating lines. Reflected light from the PC is 

captured by a CCD camera after passing 

through an emission filter. This set-up is built 

upon the body of a standard microscope (Carl 

Zeiss Axio Observer Z1) and includes an 

incubation chamber that maintains a constant 

37
o
C temperature and 5% CO2 level.  

As a proof of concept, PCEF microscopy 

was performed on 3T3 fibroblast cells 

(ATCC) incubated on fibronectin-treated PC 

surfaces. The cells were stained with either 
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CellMask™ Deep Red plasma membrane dye 

(Life Technologies, λex/λem = 659/674 nm) or 

NucRed™ Live 647 nuclear dye (Life 

Technologies, λex/λem = 638/686 nm), the 

latter to explore the PCEF microscopy 

functionality when internal components of the 

cells are labeled. Each PC was first scanned at 

off-resonance—selected as 5 degrees away 

from the on-resonance angle—to avoid 

overestimation of the enhancement factor due 

to photobleaching. Consequently the 

fluorescence enhancement effect is 

underreported by a known factor, α, which 

was determined through a photobleaching test 

for each dye and accounted for in the 

analytical model. While the output 

fluorescence intensity of the off-resonance 

images only depends on the local dye 

concentration, that of the on-resonance 

images depends on both the concentration and 

the dye-substrate distance. This accounts for 

the variability in fluorescence intensity when 

comparing off- and on-resonance images. 

That is, regions of high intensity at off-

resonance but low intensity at on-resonance 

indicates that the fluorescence is simply due 

to high local dye concentration, while regions 

of low intensity at off-resonance and high 

intensity at on-resonance indicates that the 

fluorescence is mainly due to the proximity of 

the stained cell component to the substrate. 

As such, the ratio of electric field intensities 

of the on- and off-resonance images is 

important and was obtained and termed the 

"enhancement factor image." Cell-substrate 

distance is related to the enhancement factor 

by the exponential decay curve of the 

evanescent region of the PC and was depicted 

in 3D surface plots, shown in Fig. 15. 

We demonstrated the use of PCEF 

microscopy for characterizing the distance 

between cellular components (plasma 

membrane and the nucleus) of 3T3 fibroblast 

cells grown on fibronectin-covered PC 

substrates. This method can be utilized further 

to observe cell adhesion to gather important 

information regarding cell morphology, 

function, and behavior for the investigation of 

several biologically-relevant applications. 

5. Cavity-Coupled PCEF: An approach 

for further increasing the PCEF 

enhancement factor 

PCs have been extensively used to 

enhance the signal from small concentrations 

of biological materials [16, 21, 29, 30, 39, 43, 

47, 71, 78]. As a way to both increase the 

quality factor of the resonator and to get 

additional signal enhancement, we have 

demonstrated coupling of a Fabry-Perot 

cavity with a photonic crystal resonator, as 

shown in Fig. 16 [128]. The gold layer, 

deposited at the correct cavity depth for 

coupling with the PC modes, increases the 

evanescent field strength on the PC surface, 

allowing for E-field enhancement. The cavity-

coupled PC also has a transmission dip 

instead of a reflection peak at the resonance 

coupling condition, as shown in Fig. 17a. The 

cavity-coupled PC structure is fabricated on a 

gold-coated, silicon wafer. Before fabrication, 

simulations were done using an RWCA tool 

to find the optimal thickness for the cavity. 

The cavity is formed of SU8 resist, and a 

PDMS stamp is used to create the grating 

structure, followed by sputter deposition of a 

TiO2 thin film. It is important to note that, in 

order for coupling to occur, the cavity height 

has to satisfy the condition for constructive 

interference, where all the light at the 

resonance wavelength is transmitted through 

the device and not lost to destructive 

interference. For a range of cavity heights, 

this effect is periodic and can be satisfied for 

every λeff/2 in extra height, where λeff = λ/neff. 

In order to test the effectiveness of the 

cavity-coupled PC, the surfaces of three 

devices (cavity-coupled PC, PC with non-

resonant cavity, and solitary PC) were 

prepared with a fluorescently-labeled 

polypeptide. The results, shown in Fig. 17b, 

demonstrate that cavity-coupled PC exhibits a 

6x and 10x increase in fluorescence intensity 
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over the uncoupled cavity and the solitary PC, 

respectively. Thus, we have shown that we 

can improve the sensitivity of a PC by 

coupling it to a Fabry-Perot cavity, enabling 

further work into lowering the limit of 

detection fluorescence-based biosensors. 

Conclusion 

As life science researchers seek tools with 

ever-expanding capabilities for high 

sensitivity, high detection throughput, and 

robust operation for applications that range 

from drug discovery, disease diagnostics, 

environmental monitoring, or development of 

a more fundamental understanding of 

biological processes, there will continue to be 

robust research activity that can harness the 

capabilities of nanostructures that can interact 

with biological analytes.  At the same time, 

detection instruments that are able to operate 

in concert with nanostructures for optimal 

light coupling, efficient collection of optical 

signals, and the ability to rapidly capture data 

will be a key part of any technology.  This 

paper summarized several recent 

technological developments associated with 

photonic crystal nanostructures.  For ECL 

biosensors, the PC can now be used in a new 

operating mode, where it serves as the tunable 

element of a laser cavity, enabling extremely 

narrow bandwidth optical output that can be 

easily measured for detection of sub-

picometer wavelength shifts.  Further, the 

ECL sensing approach incorporates a highly 

accurate self-referencing method that corrects 

for the most common label-free optical 

biosensor noise artifacts, resulting in a robust 

detection instrument for sensing small 

molecule interactions with much larger 

proteins.   The PCEM represents another new 

detection instrument approach for PCs 

operating in the visible part of the spectrum 

that takes advantage of the lack of lateral light 

propagation within a PC surface.  PCEM can 

create quantitative images of cell-surface 

interactions with sub-cellular resolution, and 

can gather images in short time intervals to 

generate “movies” of cell attachment 

processes over extended time periods.  Finally 

PCEF represents a novel approach for 

coupling electric fields to fluorophores and 

quantum dots that are commonly used as tags 

for biomolecules and cells.  We have recently 

demonstrated new objective-coupled laser 

scanning detection approachs for coupling a 

laser to a PC surface that results in 

enhancement factors large enough to enable 

multiplexed biomarker detection in a 

microarray format, and a cell microscopy 

approach that can derive enhancement factor 

images by modification of a conventional 

brightfield microscope.   
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Figure 1. Dual-wavelength self-referencing ECL detection approach using PC 

biosensors in 384-well microplates. A single SOA pumps two sensors (active + 

reference) using opposing polarizations separated by a beam splitting cube. (a) Top view 

of linear grating PC biosensor surface structure. (b) Photo of biosensor microplates, in 

which sensors on flexible plastic PC coupons are attached to bottomless microplates 

with adhesive. (c) Lasing spectra from active and reference sensors. 
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Figure 2. (a) Structure of NIH-1 and two inactive variants 1b and 1g. Observed LWV 

shift from the binding of 50 µM (b) NHI-1, 1b and 1g to immobilized hLDH-A, (c) SM-

164 to immobilized GST-XIAP, (d) dorzolamide to immobilized CA-II, (e) dicoumarol 

to immobilized NQO1, and (f) Q-VD-OPh to immobilized caspase-3. Dashed line 

represents the time at which small molecule was added to the active well. Self-

referencing was applied to each. Reprinted with permission from [82], © 2014 

American Chemical Society. 
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Figure 3. Principal of Photonic Crystal Enhanced Microscopy (PCEM). (a) Schematic diagram 

of a nanoparticle attached to a photonic crystal (PC) surface. Inset: photo of a PC fabricated on a 

glass cover slip. (b) Scanning electron micrograph of the PC surface. Inset: Zoomed in image. (c) 

Instrument schematic of the PCEM. (d) Normalized spectrum image (surface plot). Inset: PCEM-

acquired 3D spectrum data. (e) Example spectrum with a peak wavelength value (PWV) shift 

and a peak intensity value (PIV) change with/without one detected nanoparticle (BG-background, 

NP-nanoparticle) on the PC surface. (f) Schematic diagram of the PC fabrication procedure: (i) 

the process begins with depositing a thin layer of liquid UV epoxy polymer between a Si wafer 

template and a glass substrate. (ii) The epoxy is converted to a solid with UV light exposure. (iii) 

The template is peeled away and the grating pattern is transferred to the glass (iv) A thin layer of 

sputter-deposited TiO2 film is applied over the grating structure. Reprinted with permission from 

[13], © 2014 RSC Publishing. 
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Figure 4. (a) Bright field and (b) PWV imaging of Panc-1 cells attached to the PC surface. Cells 

were seeded onto a fibronectin-coated sensor and allowed to incubate for 2 hours before imaging. 

Lamellipodial extensions are visible, especially from cell 2, demonstrating the ability of PCEM 

to resolve regional differences in single-cell attachment. Darker shading indicates regions of 

higher protein concentration, and is present in regions near the boundary of lamellipodia 

formation, consistent with the creation of actin bundles. (c) Representative regions of cellular 

attachment. Selected areas of the PWV image from beneath a cell show the PWV shift of a 

typical Panc-1 cell is ~1.0 nm, and consistent throughout the entire spectrum at those locations. 

Reprinted with permission from [12], © 2013 RSC Publishing. 
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Figure 5. (a) Time lapse PWV images of cellular attachment ofmHAT9a cells. Cells were 

seeded at 20 000 cells per mL on a fibronectin-coated sensor surface. After 3 minutes, regions 

initial cell attachment appear as small, round regions, consistent with spheroid, trypsinized cells 

coming out of suspension and attaching to a surface. As time progresses, both the size of the 

cells and intensity of the PWVshift induced by them increases, indicating a higher localization of 

cellularmaterial at the sensor surface, which can be expected during cell spreading. Finally, once 

cells are sufficiently attached, cellular processes can be observed sensing the cells' 

microenvironment in all directions. The outer irregular boundaries of the cells have a relatively 

low PWV, consistent with thin, exploratory filopodia, accompanied by a more heavily attached 

region slightly immediately adjacent in the cell interior, likely a result of actin bundle formation. 

(b) Time lapse PWV images of mHAT9a apoptosis and detachment. Cells were seeded at 8000 

cells per ml onto a fibronectin-coated sensor surface. Cells that detach can be observed by the 

gradual retraction of filopodia and overall cell rounding before the PWV shift disappears entirely. 

Some cells appear to undergo apoptosiswhile still attached, leaving remnants of cellmembranes 

and protein on the sensor surface. DPWV datawas attained via background subtraction from an 

initial image taken before cell attachment (t = 0). Reprinted with permission from [12], © 2013 

RSC Publishing. 
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Figure 6. PCEM detection of nano-dots printed by thermal Dip-Pen Nanolithography (tDPN). 

(a) Atomic force microscopy (AFM) images of tDPNprinted 3×3 arrays of nano-dots. Inset: 

Zoomed in AFM images of one 540×540×40 nm
3
 tDPN nano-dot. (b) PCEM reflected PWV 

image of the tDPN nano-dots displayed in a 3D surface plot within a 20×20 µm
2
 field of view. 

Inset: 2D PWV image, demonstrating the ability of PCEM to resolve PWV differences caused by 

single nano-dot attachment to the PC surface. (c) Normalized spectrum of a representative tDPN 

nano-dot (black line) and a background pixel (green line). Inset: Zoomed in image of the 

spectrum with 2D polynomial fitting (tDPN nano-dot fitting in red line, background fitting in 

blue line), indicating a PWV shift of Δλ=0.5 nm. Reprinted with permission from [13], © 2014 

RSC Publishing. 
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Figure 7. PCEM detection of protein–protein binding. (a) Schematic illustration of the 

attachment of AuNR–IgG (AuNR conjugated with SH–PEG–IgG) on the PC biosensor surface. 

(b) SEM images of AuNR–IgG attached to the PC biosensor surface. Inset: Zoomed in image. (c) 

PCEM detected PIV images (in gray scale) and the difference between without and with AuNR–

IgG on the PC surface. (d) Two representative cross-section lines of the normalized intensity 

images with/without two AuNRs-IgG on the PC surface. Reprinted with permission from [13], © 

2014 RSC Publishing. 

 

  



1530-437X (c) 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE
permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JSEN.2015.2429738, IEEE Sensors Journal

31 

 

 

  

  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 8. (a) Schematic of the silicon PC (Si-PC) design. (b) Image of fabricated Si-PC. (c) 

Reflection spectra of Si-PC showing optimum incidence angle of 3.5 degrees using an excitation 

source of 637 nm. Reprinted with permission from [21], © 2013 RSC Publishing. 
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Figure 9. Overview of the components of the objective-coupled line scanning (OCLS) 

instrument. The solid-state laser diode emits 637 nm light which exits the objective as a 6 μm x 1 

mm line onto the PC surface. Reflected light is directed toward a CCD. The PC is translated in 2 

um steps in one direction for each scan. Angle tuning is achieved by translating the cylindrical 

lens and dichroic mirror via a motorized stage. Reprinted with permission from [21], © 2013 

RSC Publishing. 
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Figure 10. (a) Rubin's Vase optical illusion, depicting either (b) two faces or (c) a vase. 

Fluorescent images were obtained by printing Cy5-labeled oligonucleotide (Cy5-oligo) and Cy5-

labeled protein (Cy5-SA) on the two different regions (b and c, respectively) of the same PC, 

then scanning at the angle tuned to the resonant condition of each. Cy5-SA has a greater surface 

density when printed, resulting in a ~0.1 degree greater incident angle, thus demonstrating the 

importance of tuning the angle of incidence. Reprinted with permission from [21], © 2013 RSC 

Publishing. 
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Figure 11. Fluorescence images of the TNF-α and IL-3 immunoassay, run on spots printed on 

silanized (a,b) glass and (c,d) Si-PC substrates and imaged using Tecan microarray scanner and 

OCLS, respectively. Reprinted with permission from [21], © 2013 RSC Publishing. 
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Figure 12. Dose-response curve of miR-21, a breast cancer biomarker miRNA. Representative 

microspot images are shown for miR-21 concentrations of 2.5 nM and 39 pM. Reprinted with 

permission from [21], © 2013 RSC Publishing. 
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Figure 13. (a) Schematic showing the layers which comprise the PC substrate. (b) Image of the 

PC substrate on a microscope slide. (c) AFM image of the PC gratings. (d) Enhancement factor 

as a function of distance of fluorophore from PC substrate surface. Reprinted with permission 

from [47], © 2014 RSC Publishing.  

(a) (b) 

(c) 
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Figure 14. Overview of the detection instrumentation, composed of a laser light source directed 

into a microscope objective enclosed in an incubation chamber. The incident angle is tuned via 

the translation stage. The sample stage holding the PC also translates along the axis 

perpendicular to the imaged line for each scan. Scans are performed in 0.6 μm increments, at a 

rate of 0.1s per line to form a whole image. Reprinted with permission from [47], © 2014 RSC 

Publishing. 
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Figure 15. (a) Brightfield, (b) enhancement factor, and (c) surface plot images of 3T3 fibroblast 

cells with (i) plasma membrane dye and (ii) nuclear dye. Reprinted with permission from [47], © 

2014 RSC Publishing. 
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Figure 16. (a) Cross-section of regular PC. (b) Cross section of cavity-coupled PC. (c) 

Cavity-coupled PC fabricated on 2in gold-coated Si wafer. (d) SEM cross-section of 

cavity coupled PC. Reprinted with permission from [128]. © 2013 AIP Publishing. 
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Figure 17. (a) Far-field reflection 

spectrum for PC and cavity-

coupled PC. (b) Intensity profile 

and image (inset) of PPL-Alexa 

647 dye for coupled cavity, 

uncoupled cavity, and resonant 

PC. Reprinted with permission 

from [128]. © 2013 AIP 

Publishing. 
 

 


