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Abstract: This study demonstrates a photonic crystal micropost (PCMP) 
substrate for microarray applications. The substrate comprises an array of 
circular MPs with a PC on top of these MPs. This substrate enables 
biomolecule-containing droplets to form a composite contact upon 
deposition, thus allowing biomolecules to be attached on only the MPs, 
forming spots. When the device (PC) is excited on resonance, the electric 
field intensity is enhanced on only the top surface of the MPs. This enables 
the fluorescence intensities to be enhanced up to 5.50x; principally, this 
enhancement does not engender an increase in the background (intensity 
outside MP or spots) and noise intensities. The PCMP substrate enhances 
the spot intensity and minimizes the background intensity, enabling the 
detection of lower concentration analytes. 

©2016 Optical Society of America 

OCIS codes: (050.0050) Diffraction and gratings; (050.5298) Photonic crystals; (170.2520) 
Fluorescence microscopy. 
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1. Introduction 

Protein microarray technology is crucial for detecting circulating biomarkers because it 
combines multiplexed detection, minimal reagent usage, and high sensitivity. Moreover, 
protein microarrays are valuable tools for investigating cellular protein production and 
protein–protein interaction networks, and they thus have potential applications as a clinical 
tool in disease diagnosis [1–4] and drug discovery [4]. 

Protein microarray assays are typically performed on planar surfaces, such as glass slides, 
upon which immobilized ligands selectively capture analytes from a test sample. Such assays 
can be easily multiplexed in a microarray format in which captured ligands are applied to the 
substrate in distinct microspots/spots (with a typical diameter ranging from 100 to 200 µm), 
enabling the detection of many analytes simultaneously [5–12]. Upon completion of the 
assays, a focused laser beam is scanned across the glass substrate to generate an image of 
fluorescence intensity output as a function of position. Despite the sensitivity afforded by this 
approach, the detection limit must be further improved to observe/quantify the analytes at 
lower concentrations. 

Several techniques have been adopted in assay protocols to amplify the fluorescence 
output for enhancing the detection sensitivity and improving the limit of detection. These 
techniques can be classified into two approaches according to their mechanisms: chemical 
and physical. Chemical approaches include tyramide amplification (relying on reporter 
enzymes) [10] and rolling circle DNA amplification, which requires extensive chemical 
labeling of analytes with DNA primers [13]. Physical approaches entail exploring the 
possibility of using special substrates for enhancing the fluorescence intensity directly 
without any additional experimental steps or chemical reagents. Different micro/nanotextured 
substrates have been developed for increasing the overall surface area, thus increasing the 
density of capture ligands [14–18] to increase the fluorescence intensity. Fluorophore 
emission is proportional to the excitation electric field intensity. Hence, the metal enhanced 
fluorescence (MEF)-based electromagnetic amplification approach has attracted considerable 
attention in recent years because of its effectiveness in generating a localized enhanced 
electric field intensity through the coupling of external laser light source to surface plasmons 
[8, 19–22]. However, fluorophore emission quenching occurs for molecules within <10 nm 
[23] near metal surfaces, thus necessitating the use of a spacer layer, which might restrict the 
extensive adoption of MEF for practical applications. Recently, dielectric-based optical 
resonators of photonic crystal (PC) surfaces have been demonstrated to provide a 
considerably higher quality factor (Q, which is approximately 1000) than that of surface 
plasmons; therefore, they can provide higher electric field enhancement [24–26]. In 
particular, PC surfaces have been demonstrated to not quench fluorophores [27], enabling the 
easy adoption of PC surfaces for practical applications [28–30]. 

In microarray applications, the background signal concerning the fluorescence intensity 
outside spots is obtained from various nonspecific bindings among antigens, detection 
antibodies, and fluorescent dyes. The detection reaches its limit when the background signal 
is extremely high such that the spot cannot be distinguished from the background. To reduce 
the background signal, most studies have focused on optimizing surface chemistries [31–33] 
or different blocking reagents [34, 35] for reducing nonspecific binding and subsequent 
background signals. 

Despite the effectiveness of various amplification techniques, the amplification of the 
background signal and noise is inevitable [26, 29, 30], which compromises the assay 
performance. This study presents a PC micropost (PCMP) substrate for enhancing 
fluorescence and simultaneously ensuring that the background signal remains unamplified. 
The PCMP substrate comprises an array of MPs with a PC on top of the MPs [Fig. 1]. The 
dimensions of the MPs were designed such that when a biomolecule-containing droplet is 
applied on a PCMP substrate, the droplet forms a composite contact [36], enabling the 
biomolecules to attach only to the PC [Fig. 1(b)]. After the completion of the assay, the 
fluorescence-tagged biomolecules exist only on top of the MPs; thus, each droplet can 
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simultaneously enable the biomolecules to be immobilized on multiple MPs, forming multiple 
spots. Because no PC structure exists outside the MPs/spots, when the PC is excited on 
resonance, the amplified electric field intensity exists on only the surface of the PC, 
enhancing only the spot intensity without increasing the background signal. 

 

Fig. 1. (a) PCMP substrate with biomolecule-containing droplets. (b) Droplet forms composite 
contact enabling the biomolecules to be immobilized on only the top surface of MPs. The 
diameter, spacing and height of MPs are 60, 30 and 40 µm, respectively. The grating structure 
and MP are not to scale. 

2. Material and methods 

2.1 PC surface design 

The PC used in this study (also known as guided-mode resonance [37])was a simple two-
layer structure comprising a one-dimensional surface relief structure with a layer of high 
refractive index dielectric [Fig. 2]. When the incident wavelength and angle are appropriately 
combined, the external illumination can excite the device resonance [27], which supports 
optical standing waves confined in the high refractive index layer and extended to the 
surrounding media as an evanescent field. The near-field intensity associated with the 
evanescent field is strongly enhanced relative to the field intensity of the excitation light. The 
fluorescence intensity is proportional to the excitation intensity; therefore, the enhanced near 
field on the PC surface results in an amplified surface-bound fluorophore emission. The 
grating is formed on an ultraviolet (UV)-curable polymer (NOA68, n = 1.556, Norland 
Products Inc.) by using replica molding, which provides phase matching, allowing an external 
illumination to be coupled into the resonant modes. A high refractive index layer of TiO2 (n = 
2.22) is deposited on top of the grating to serve as a waveguiding layer supporting the 
resonant modes. In this study, the PC was designed for enhancing the emission of 
streptavidin-cyanine 5 (SA-Cy5), which is commonly used in fluorescence detection because 
of its strong quantum yield and high absorption efficiency at a HeNe laser wavelength of l = 
632.8 nm. 

To achieve a resonance at l = 632.8 nm, a commercial simulation tool (DiffractMOD, 
Rsoft Design Group) that is based on rigorous coupled-wave analysis was used in the design 
of the PC, resulting in a grating period, depth, and TiO2 thickness of 400, 45, and 110 nm, 
respectively. In this design, the calculated transmission spectrum of the transverse magnetic 
(TM) mode has a wavelength range of 500–800 nm [Fig. 2(b)]. The transmission dip indicates 
that a resonant wavelength of 628 nm exists at normal incidence. Because of the surface 
chemistry layer and biomolecules attachment, the added thickness causes the resonant 
wavelength to shift by approximately 5 nm (based on our protocol). Hence, we intentionally 
designed a bare PC with a resonant wavelength at 628 nm. 
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Fig. 2. (a) PC used in this study. The grating period, grating depth, and TiO2 thickness are 400, 
45, and 110 nm, respectively. (b) Simulated transmission spectrum of the TM mode showing 
the resonant wavelength at 628 nm. 

2.2 MP design 

The wettability of a surface by a droplet highly depends on the intrinsic chemical properties, 
surface energy, physical properties of the surface, and surface roughness [38–40]. 
Periodically patterned micro/nanostructured surfaces provide a convenient means of 
controlling the wettability by enabling the implementation of a well-defined surface 
roughness through a batch process of micro/nanofabrication [41]. The wettability of a solid 
surface is typically characterized by the apparent contact angle (CA). When the droplet size is 
much bigger than the size of the surface roughness, two models, namely Wenzel [42] and 
Cassie–Baxter models [36], are frequently used for predicting the CA and configuration of a 
droplet on a rough surface [41]. In the Wenzel model, the water droplets are in full contact 
with the rough surface (denoted as wetted contact). However, in the Cassie–Baxter model, the 
droplet is on top of only the rough surface and is in contact with solely the top surface as well 
as the air trapped between MPs (denoted as composite contact). To apply the capture ligands 
to each MP such that each MP forms a spot, the MP dimensions were designed according to 
the Cassie–Baxter model. Therefore, when a droplet containing capture ligands is applied on 
such a surface, the droplet forms a composite contact and the capture ligands can bind to only 
the surfaces of MPs [Fig. 1]. 

2.3 PCMP fabrication 

Fabricating a PCMP substrate involves three main processes [Fig. 3]: 1. electron-beam (e-
beam) lithography [Fig. 3(a)], 2. photolithography [Figs. 3(b) and 3(c)], and 3. replica 
molding [Figs. 3(d) and 3(e)] and film deposition [Fig. 3(f)]. 

First, grating patterns were fabricated on a Si wafer through e-beam lithography and 
reactive ion etching [Fig. 3(a)]. Subsequently, a thin layer (40 µm) of SU-8 2035 (negative 
photoresist, MicroChem Corp.) was spin-coated on top of the grating-patterned Si wafer. The 
wafer was soft-baked on a hotplate at 65 and 95 °C for 3 and 5.5 min, respectively. The SU-8 
was then exposed through an I-line filter with a total energy of 75.4 mJ/cm2 by using a 
contact aligner. For the postexposure bake, the film was placed on a hotplate at 65 and 95 °C 
for 1 and 5.5 min, respectively. The film was then developed in an SU-8 developer for 2.5 
min with consistent agitation. Finally, to improve the structural strength for replica molding, 
the film was hard-baked at 150 °C for 15 min. 

The next process involved replicating the grating and MP patterns simultaneously on a 
plastic substrate by using replica molding. To prevent permanent bonding between NOA68 
and the sidewall of SU-8 and the bottom surface of Si, the SU-8/Si mold was silanized by 
exposing it to the vapor of (1H, 1H, 2H, 2H-perfluorooctyl) trichlorosilane (FOTS, Alfa 
Aesar) in a vacuum chamber for 30 min. An optical adhesive NOA68 was then sandwiched 
between the SU-8/Si master and a flexible sheet of polyethylene terephthalate (PET). In order 
to remove air bubbles, which can cause problems during replication, the device was put into 
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vacuum chamber at a pressure of 650 mmHg for 30 min. NOA68 was then cured by exposure 
to UV light (RC-742, Xenon); the polymer replica (PET/NOA68) was subsequently peeled of 
the SU-8/Si master. Next, a TiO2 layer (110-nm thickness) was deposited on top of NOA68 
through sputtering deposition. 

 

Fig. 3. PCMP fabrication process flow. (a) Si wafer with grating pattern using e-beam 
lithography. (b) Spin coating a layer of SU-8 2035. (c) Photolithography to pattern an array of 
holes. (d) Applying a UV-curable polymer in between a polyethylene terephthalate (PET) 
sheet and an SU-8 mold and then, curing through UV exposure. (e) Separating the UV 
polymer/PET from the Si/SU-8 mold. (f) Depositing a layer of TiO2. The dimension of grating 
and MPs are not to scale. 

2.4 Microarray spots 

In this study, SA-Cy5 was used as a model fluorophore in the context of a microarray assay. 
To demonstrate the fluorescence enhancement and background minimization on a PCMP 
substrate, an MP substrate (without PC on top of the MPs) was used for comparison. Here, 
the MP substrate was fabricated using the processes illustrated in Figs. 3(c)–3(f), except that 
the substrate shown in Fig. 3(c) is a plain Si substrate, rather than a grating substrate used for 
PCMP fabrication. 

To immobilize the SA-Cy5 on top of the PCMP and MP substrates, both substrates were 
silanized using FOTS as described. Subsequently, 4-µL droplets of SA-Cy5 in phosphate 
buffer saline (PBS) (at various concentrations: 50, 10, 2, 0.4, 0.08, and 0.016 μg/mL) were 
dispensed through a pipette on the MP and PCMP substrates. After incubation for 30 min in a 
humid chamber, both substrates were rinsed by immersion into PBS containing 0.05% Tween 
20 (PBS-T) and deionized water for 3 minutes each to remove excess SA-Cy5 and then blow 
dried using N2. 

Fluorescence images were captured using a confocal microarray scanner (LS Reloaded, 
Tecan) equipped with a 633-nm laser and user-adjustable incident angle. The measured 
images were analyzed using image processing software called ImageJ, developed by National 
Institutes of Health, USA. 

3. Results and discussion 

The process flow developed in this study [Fig. 3] could effectively replicate a large area of an 
array of MPs with grating patterns simultaneously [Fig. 4]. The SEM images [Fig. 4(b)] 
indicate that the diameter and separation of the MPs are approximately equal to 60 and 30 
µm, respectively. Moreover, the SEM [Figs. 4(c) and 4(d)] confirms that the grating period is 
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effectively replicated on top of the MPs; the grating period is 400 nm and duty cycle is 74%. 
The grating period accurately matches the designed dimension. 

 

Fig. 4. (a) Plastic PCMP substrate with area of 0.6 × 0.8 cm. SEM images of the (b) top view 
of an array of MPs, (c) grating patterns on top of the MP, and (d) close-up view of grating 
patterns. 

3.1 Composite contact 

If a droplet forms a wetted contact with the MP substrate, then the biomolecule can attach to 
the sidewall of the MPs, which yields unwanted background. To minimize the background 
signal, a composite contact between a droplet and the MPs is preferred. To confirm that the 
fabricated MP can provide a composite contact, the PCMP was silanized using FOTS for 30 
min, followed by sonication in solutions of toluene, methanol, and deionized water for 2 min 
each to remove excessive silane, and finally dried under a stream of N2. Phosphate buffer 
saline (PBS) solution, a commonly used buffer solution in immunoassay, was employed to 
measure the CA. The CA measured (DSA100, KRUSS GmbH, Germany) using a 2-μL 
droplet of PBS dispensed on an unpatterned FOTS-coated surface was 87.6°. By contrast, it 
was approximately 135° on the MP FOTS-coated surface [Fig. 5]. The light passes through 
the gaps in the depression of the MPs, confirming the formation of a composite contact. For 
typical microarray spotter, the droplet is on the order of several nano liters resulting the 
printed spots of 100-200 µm. By reducing the dimension of microposts, it is possible the 
PCMP substrate can be worked with the current microarray spotter. 
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Fig. 5. Droplet forms a composite contact on a FOTS-coated PCMP surface. 

3.2 Fluorescence image 

Fluorescence images [Fig. 6] of a droplet of 50 μg/mL SA-Cy5 on PCMP and MP substrates 
were obtained using identical settings in a Tecan scanner with a resolution of 4 μm. Despite 
the observation of several missing spots engendered by incomplete or broken MPs during 
molding and separation, the fluorescent intensities obtained from the PCMP substrate can be 
enhanced compared with those obtained from the MP substrate. Moreover, when the designed 
MP dimensions are used, with only one droplet, multiple spots can be created simultaneously 
for microarray assay applications. A stronger vacuum pump or prolonged duration at vacuum 
step can be used to improve the replication of microposts. 

 

Fig. 6. Fluorescence images of a droplet of 50 μg/mL SA-Cy5 on (a) MP substrate and (b) 
PCMP substrate. The scale bar represents 500 μm. 

A portion comprising nine spots was selected for the spot and background signal intensity 
analysis. Figures 7(a) and 7(b) depicts fluorescence images for the PCMP and MP substrates 
for six concentrations of SA-Cy5 and one blank solution containing only PBS. The effect on 
fluorescence enhancement can be observed in Fig. 7(c), where the intensities of the pixels 
along the dashed line were generated for concentrations of 10 and 0.4 µg/mL. The average 
spot intensities for a concentration of 10 µg/mL were approximately 5163 and 1698 cts for 
the PCMP and MP substrates, respectively. For a concentration of 0.4 µg/mL, the signal 
intensities on the PCMP and MP substrates were 723 and 158 cts, respectively. The signal 
intensity between spots (referred to as background intensity) was in the range 40–60 cts, in 
which no significant difference existed between the PCMP and MP substrates. 
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Fig. 7. Fluorescence images at various concentrations of SA-Cy5 on (a) MP and (b) PCMP 
substrates. The orange and yellow circles indicate the spot and background intensities as 
described in the text. (c) The line profiles at three spots for MP and PCMP substrates at 10 and 
0.4 µg/mL. The scale bar represents 100 µm. 

3.3 Spot and background intensity analysis 

To accurately quantify the fluorescence intensity of each spot, ImageJ was used. A circle with 
a diameter of 60 μm was overlaid on top of a spot and the average intensity of each pixel 
within the circle was designated to the spot intensity. The mean intensity and standard 
deviation of nine spots was then calculated. 

As mentioned, current fluorescence enhancement techniques always result in background 
signal enhancement. A background signal was defined as the fluorescence intensity outside 
the spots. To obtain the background signal, a circle with a diameter of 30 μm was overlaid on 
the region between the MPs/spots, and the average intensity of each pixel within the circle 
was used to represent the background intensity of that region. The first image in Fig. 7(b) 
shows the intensity at four yellow circles, which can then be calculated and designated as the 
background intensity for a specific SA-Cy5 concentration. Table 1 and Fig. 8 show a 
summary of the measured spot and background intensity with their corresponding standard 
deviations for the PCMP and MP substrates. The spot intensity was enhanced through the 
resonant mode excited in the PC structure on top of the MPs whose enhancement factor was 
defined as the spot intensity of PCMP divided by the spot intensity of MP and was in the 
range 1.31x–5.50x depending on the concentration. 

The background intensities at different concentrations were between 42 ± 4 and 58 ± 10 
and 40 ± 1 and 54 ± 2 for the MP and PCMP substrates, respectively. The slight variation in 
both background signals is probably due to the device or experimental variations. These 
results demonstrate that in contrast to the substrates used previously [30, 43], the PCMP 
substrate eliminates the amplification of background signals obtained through different 
fluorescence enhancement techniques, and only the spot intensity is amplified. The 
background signal was minimized through three possible mechanisms: (a) elimination of 
nonspecific binding in the area outside the MPs/spots because of composite contact, (b) 
selection of the focal plane on top of the MPs during fluorescent image scanning, and (c) the 
absence of an excitation-field-enhancing PC outside the spot. 
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3.4 Sensitivity and resolution 

Sensitivity is defined as the change in the output signal for a given change in the 
concentration. Within the concentration range used in this study, the sensitivity was nonlinear 
for both substrates; however, Fig. 8 clearly demonstrates that the PCMP exhibits higher 
sensitivity because the PC enhances fluorescence as indicated by the steeper curve, which is 
consistent with the results of previous studies [28, 30]. For a lower concentration range 
(0.016–0.4 µg/mL), the relationship between the intensity and the concentration was fairly 
linear [Fig. 8(b)]. The sensitivity was 1235 fluorescence intensity/(µg/mL) from the PCMP 
substrate, as opposed to 82 fluorescence intensity/(µg/mL) from the MP substrate, resulting in 
15-fold enhancement. The higher sensitivity (marked change in the output for a given change 
in the concentration) enables the PCMP to detect small changes in the concentration more 
accurately. 

The increase in sensitivity is compromised if the resolution is inversely affected. The 
resolution can be calculated as three times the noise divided by the sensitivity, which 
represents the smallest change in concentrations that can be distinguished from noise. For 
example, for 0.4 µg/mL SA-Cy5, the resolutions are 0.55 and 0.23 µg/mL for the MP and 
PCMP substrates, respectively, representing a 58.4% reduction (improvement) in the 
resolution for the PCMP substrate. For 0.08 and 0.016 µg/mL SA-Cy5, similar resolution 
improvement trends can be obtained, where the resolutions on the PCMP and MP substrates 
are improved by 74.5% and 80.8%, respectively. 

Table 1. Measured spot and background intensities at different SA-Cy5 concentrations 
obtained from the MP and PCMP substrates. 

SA-Cy5 
Concentration (µg/ml) 50 10 2 0.4 0.08 0.016 0 

MP 
Intensity 

(a.u.) 

Spot 3300 ± 194 1698 ± 208 422 ± 29 158 ± 15 138 ± 13 123 ± 10 46 ± 2 

Background 57 ± 4 50 ± 2 45 ± 1 57 ± 12 58 ± 10 53 ± 12 42 ± 4 

PCMP 
Intensity 

(a.u.) 

Spot 
14940 ± 

1851 
5163 ± 954 2322 ± 140 723 ± 94 357 ± 50 232 ± 29 71 ± 5 

Background 48 ± 4 40 ± 1 42 ± 2 44 ± 3 43 ± 3 46 ± 2 54 ± 2 

Enhancement Factor 4.53 3.04 5.50 4.59 2.60 1.88 1.31 

 

Fig. 8. (a) Spot and background intensities at different SA-Cy5 concentrations on the PCMP 
and MP substrates. (b) The data from (a) of the three lowest SA-Cy5 concentrations. The 
sensitivities were calculated as the slopes of the linearly fitted curves for the PCMP and MP 
substrates. 

4. Conclusion 

The ability to detect weak fluorescent signals above the background noise (mainly from 
autofluorescence and nonspecific binding) is particularly crucial for identifying biomolecular 
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analytes present at extremely low concentrations. In this study, we demonstrate a PCMP 
substrate, which can offer numerous considerable improvements over current technologies by 
combining the following mechanisms. Currently, a serial printing method is generally used to 
prepare microarray capture ligands in which each droplet corresponds to a spot. When a 
PCMP substrate with appropriate dimensions in MPs, is used, multiple replicates can be 
created simultaneously through composite contact with a single droplet. Microarray spotters 
create spots with a diameter of approximately 100–200 μm because of the size limitation of a 
piezoelectric dispenser or quill pin. When the PCMP substrate is used, the diameter of the MP 
can be easily reduced to less than 10 μm. Similarly, the diameters of the microarray spots can 
be easily reduced to below 10 μm, which can increase the array densities. By incorporating 
PC structures on the MPs, we can operate at the PC’s resonance to amplify the electric field 
intensity at the surface; therefore, enhancing the fluorescence emission results in higher 
sensitivity and resolution. In particular, the PCMP substrate does not involve the 
amplification of the background and noise intensities. 
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