Tunable Three-Dimensional Plasmonic Arrays for Large Near-Infrared Fluorescence Enhancement 

Jing S. Panga,§, Ioannis G. Theodoroua,b,§ , Anthony Centenoa,c, Peter K. Petrova, Neil M. Alforda, Mary P. Ryana, Fang Xiea,*

aDepartment of Materials and London Centre for Nanotechnology, Imperial College London, SW7 2AZ, UK
bCancer Biophysics Laboratory, Department of Mechanical and Manufacturing Engineering, University of Cyprus, 40 Macedonias Avenue, Latsia 2238, Cyprus
cDepartment of Electrical and Electronic Engineering, Xi’an Jiaotong Liverpool University, 111 Ren’ai Road, Suzhou Dushu Lake Higher Education Town, Jiangsu, China
§These authors contributed equally
*Email: f.xie@imperial.ac.uk



Abstract: Metal enhanced fluorescence (MEF), resulting from the near-field interaction of fluorophores with metallic nanostructures, has emerged as a powerful tool for dramatically improving the performance of fluorescence-based biomedical applications. Allowing for lower autofluorescence and minimal photoinduced damage, the development of multifunctional and multiplexed MEF platforms in the near-infrared (NIR) windows, is particularly desirable. Here, a low cost fabrication method based on nanosphere lithography is applied to produce tunable three-dimensional gold (Au) nanohole-disc arrays (Au-NHDAs). The arrays consist of nanoscale glass pillars atop nanoholes in a Au thin film: the top surfaces of the pillars are Au covered (effectively nanodiscs) and small Au nanoparticles (nanodots) are located on the side walls of the pillars.  This 3D hole-disc (and possibly nanodot) construct is critical to the properties of the device. The versatility of our approach is illustrated through the production of uniform and highly reproducible Au-NHDAs with controlled structural properties and tunable optical features in the NIR windows. Au-NHDAs allow for very large NIR fluorescence enhancement (more than 400 times), which is attributed to the 3D plasmonic structure of the arrays that allows strong SPP-LSPR coupling through glass nanogaps. By considering arrays with the same resonance peak and the same nanodisc separation distance, we show that the enhancement factor varies with nanodisc diameter. Using computational electromagnetic modeling, the electric field enhancement at 790 nm was calculated to provide insights into excitation enhancement, which occurs due to an increase in the intensity of the electric field. Fluorescence lifetime measurements indicate that the total fluorescence enhancement may depend on controlling excitation enhancement, and therefore the array morphology. Our findings provide important insights into the mechanism of MEF from 3D plasmonic arrays and establish a low-cost versatile approach that could pave the way for novel NIR-MEF bio-applications.
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Introduction

Metal enhanced fluorescence (MEF) is an optical process in which the near-field interaction of fluorophores with metallic nanoparticles can, under certain conditions, lead to large fluorescence enhancement.1-4 MEF has specifically attracted considerable interest for fluorescence-based biomedical applications,1 such as DNA5-6 and RNA7 sensing, immunoassays,8-9 or fluorescence-based imaging.10-12 For such bio-applications, fluorophores emitting in the near-infrared (NIR; 650-900 nm) and second near-infrared (NIR-II; 1.0−1.7 μm) windows are of particular importance,13-15 since low absorption of light by water and hemoglobin at these wavelengths allows high transparency for potential tissue imaging.16 Meanwhile, low autofluorescence from organic molecules enables higher signal-to-noise ratio compared to the visible range,17 while diminished photon scattering allows higher tissue penetration in the NIR-II window. Because of the extremely low quantum yields (QY) of currently available NIR/NIR-II fluorophores, as well as the reduced quantum efficiencies of detectors/cameras in this wavelength range, MEF platforms for large fluorescence enhancement in the NIR/NIR-II windows are extremely desirable, as they would significantly impact the applicability of such systems, resulting in greater detection sensitivity. MEF platforms with tunable optical properties and enhancement factors would be exceptionally attractive, allowing the development of novel multicolor and multiplexed sensing or imaging applications. 
For MEF to occur, fluorophores need to be positioned in close proximity to the surface of metallic nanostructures (typically in the range of ~5–30 nm).18 One of the main contributions to MEF is the significant enhancement of the local electric field close to the metal particles, which relies on the generation of a propagating Surface Plasmon Polariton (SPP) or the Localized Surface Plasmon Resonance (LSPR). LSPR occurs when the dimensions of a metallic nanostructure are lower than the wavelength of incident light, leading to collective but non-propagating oscillations of surface electrons in the metallic nanostructure. In contrast, SPPs are propagating charge oscillations on the surface of thin metal films but cannot be excited by free-space radiation, instead require momentum matching, such as through periodicity in a nanostructure, for resonance excitation. In addition to electric field enhancement, the close proximity of the metal nanoparticles leads to electromagnetic coupling between the fluorescent emitter and the nanoparticle. This will modify the radiative decay rates, change the fluorescence lifetime and quantum yield, and improve the photostability of the fluorophore.19 The magnitude of fluorescence enhancement critically depends on the design of plasmonic substrates.20-24 Most of the traditional and commonly-used MEF substrate architectures have been solely based on the local electric field enhancement from the sharp edges of nanostructures or the small gaps between them, in either porous metallic films,9 ordered nanoparticle arrays,2, 4, 23-24 or nanoparticles randomly deposited on a surface through self-assembly.25 For instance, in our previous work, 2-dimensional (2D) hexagonal arrays of Au or Ag nanoparticles (triangular23-24 or cylindrical4 cross-sections) allowed NIR enhancement factors of up to 2 orders of magnitude. These arrays were fabricated by nanosphere lithography (NSL), which is a low-cost method that allows the production of regular arrays over large surface areas, (in the order of 2x2 cm2) with flexible tuning parameters. Unfortunately, MEF excitation enhancement is due to electric field enhancement. One problem with the 2D arrays previously used is that large field enhancement is localized to “hot spots” which can be sparsely distributed over the array surface.
Recently, 3-dimensional (3D) arrays fabricated by nanoimprint lithography have been reported, in which nanodiscs (LSPR mode) were located on the top of glass nanopillars situated above nanoholes in a Au thin film (SPP mode), with Au nanodots on the sidewalls of the pillars.26 That work revealed that SPP-LSPR coupling through the glass nanogaps in such 3D structures allowed for very large fluorescence enhancement, which was uniform over large sample areas. This uniformity led to an extensive improvement in the detection sensitivity and dynamic range for protein biomarker detection using a fluorescent immunoassay. However, the structural characteristics and optical response of the arrays presented were not tunable.26 Furthermore, in nanoimprint lithography, the template used to stamp the desired structure relies on other lithography techniques to be fabricated; therefore the mask is expensive to produce and lacks the adaptability for generating a variety of shapes and structures. 
	In the present work, the low cost fabrication method based on NSL previously used for 2D arrays of nanotriangles/nanodiscs, 4, 23-24 is extended to manufacture tunable 3D Au plasmonic structures. They consist of a nanodisc array raised above the nanoholes in a Au thin film. The fabrication steps of the Au nanohole-disc arrays (Au-NHDAs) are depicted schematically in Figure 1. We demonstrate that this protocol is capable of producing uniform and highly reproducible Au-NHDAs with exquisitely tunable structural properties, illustrating the versatility of this approach. In contrast to previous reports where a single array structure with a defined optical response was presented,26 we show Au-NHDAs with tunable optical features in the NIR/NIR-II windows. Two such arrays are selected for maximum spectral overlap with a commercially available NIR dye (AlexaFluor® 790, Abs 782 nm/Em 805 nm), to investigate whether LSPR-SPP coupling in these arrays could result to higher MEF. 
To consider the effect of nanodisc diameter on fluorescence enhancement the arrays have the same resonance peak, and the same separation distance between nanodiscs (280 nm) but different nanodisc diameters (215 nm: Au-NHDA-215 and 148 nm: Au-NHDA-148).  More than 400 times enhancement is achieved with Au-NHDAs, which varies with nanodisc diameter. Computational electromagnetic modeling offers insights into the excitation enhancement induced by electric field enhancement. Fluorescence lifetime measurements indicate that the total fluorescence enhancement may depend on controlling the excitation enhancement, and therefore the array morphology. Our findings provide important insights into the mechanism of MEF from 3D plasmonic arrays and establish a low-cost versatile approach that could pave the way for multiplexed and multicolor NIR-MEF bio-applications.
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Figure 1. (a-f) Schematic workflow for the fabrication of three-dimensional (3D) gold nanohole-nanodisc arrays (Au-NHDAs) through nanosphere lithography (PS: polystyrene spheres). The Au-NHDAs are efficient platforms for near-infrared metal enhanced fluorescence, allowing more than 400 times fluorescence enhancement. The enhancement factors are tunable through nanoscale control of the arrays structural characteristics. (g) Cross section of a Au-NHDA, showing the nanodiscs (ND) deposited on the surface of the glass nanopillars and the nanohole array (NH) formed on the base of the pillars. Fluorescence enhancement was measured by immobilizing monolayers of a streptavidin (S)-functionalized near-infrared dye (AlexaFluor® 790: AF790) with self-assembled monolayers of biotin (B)-labeled bovine serum albumin (BSA) through biotin-avidin binding. Schematic not to scale.

Experimental 

Materials

Monodisperse surfactant free polystyrene (PS) spheres (10% w/v) with diameters of 280, 400, 500 and 620 nm were purchased from Bangs Laboratories, Inc., US.  Streptavidin-conjugated Alexa Fluor® 790 (AF790) was purchased from Life Technologies, UK. Phosphate buffered saline (PBS; pH 7.4) and biotin-labeled bovine serum albumin (bBSA) were obtained from Sigma-Aldrich, UK. Low doped p-type silicon wafers were purchased from Si-Mat, Germany. Microscope glass slides were purchased from VWR, UK. De-ionized (DI) water purified using the Millipore Milli-Q gradient system (>18.2 MΩ) was used in all the experiments.

Gold nanohole/disc array (Au-NHDA) synthesis and characterization

Microscope glass slides (~ 10×10 mm) (Figure 1a) were cleaned using piranha solution (3:1 concentrated H2SO4:30% H2O2), at 80ºC for 1 h. Substrates were thoroughly rinsed with DI water, sonicated for 60 min in a 5:1:1 H2O:NH4OH:30% H2O2 solution, rinsed again with DI water and used immediately. Substrates were coated with a 10 nm Ni layer by thermal evaporation, using a Mantis e-beam evaporation system. The Ni thickness was controlled by the deposition monitor quartz crystal microbalance of the system. This Ni coating served as a sacrificial layer to enable complete removal of PS during Au-NHDA synthesis, allowing a clean patterned surface to be obtained, free from PS residue that would otherwise affect the morphology of the Au arrays.
To prepare PS monolayer templates on the substrates (Figure 1b), PS spheres were first diluted with ethanol absolute in a 1:1 ratio. Aliquots of the diluted PS solutions (~ 3-5 μL) were applied onto the surface of a large (~30×20 mm) silicon wafer, which had been cleaned as above and kept in a 10% sodium dodecyl sulfate solution for 24 h.  The silicon wafer was slowly submerged in a glass container, filled with ~150 mL of DI water. Following submersion of the silicon substrate in water, the PS spheres formed a disordered monolayer on the water surface. Addition of a 2% sodium dodecyl sulfate solution (~4 µL), which changed the water surface tension, allowed large monolayers with highly ordered areas to be obtained. These monolayers were collected from the water surface using the Ni-coated glass/silicon substrates. The substrates were left to dry in ambient atmosphere at approximately 30o to facilitate further self-assembly of PS on the substrate surface while drying. The diameter of PS spheres was then reduced to the required size using oxygen plasma treatment (100 W) of controlled duration (Figure 1c).4 
Next, substrate areas not protected by the PS mask were etched by Ar ion milling (Figure 1d), using a IM150 Oxford Applied Research Ion milling system. A neutralized Ar ion beam with an energy of 500 eV and a current density of 0.2 mA/cm2 was used to bombard the sample, which was attached to a water-cooled stage with rotation and tilting capabilities.  The angular stage of the system is adjustable from 0o (normal incidence) to 45o to enable milling of 3-dimensional (3D) nanostructures, while stage rotation promotes uniform ion milling of the samples. 
The PS mask and the Ni sacrificial layer were removed by immersing the substrates in 10% H2SO4 for 5 min, generating periodic non-metal (glass/silicon) nanopillar arrays with tunable pitches and diameters and ~40 nm height (Figure 1e). Finally, the nanopillar arrays were coated with 30 nm Au by thermal evaporation (Figure 1f), resulting to Au-NHDA, consisting of a Au backplane on the base of the pillars (nanohole array) and Au discs on top each pillar (nanodisc array).
The morphology of the Au-NHDAs was characterized by scanning electron microscopy (SEM) using a Zeiss Auriga field emission gun SEM (FEG-SEM). SEM images were obtained on glass substrates to retain the actual geometry and morphology of the plasmonic arrays. Their optical properties were characterized using an Agilent Cary 5000 UV-Vis-NIR spectrophotometer using clean glass slides as reference.

Fluorophore attachment and fluorescence measurements 

Dye monolayers were formed on the Au-NHDAs and glass substrates, as a control, as depicted schematically in Figure 1g. First, monolayers of bBSA on Au-NHDAs or clean glass substrates were formed by adding a 100 mg/mL solution of bBSA in PBS (50 mM, pH 7.2) on to the surface of the substrates. The substrates were incubated in a humidified atmosphere for 1 h, and rinsed with PBS several times to remove unbound proteins. The substrates were then incubated for 2 h with 25 µg/mL of streptavidin-conjugated Alexa Fluor 790® (AF790), to allow binding of the fluorophore to the bBSA monolayer, through avidin-biotin interaction. The samples were again rinsed with PBS several times, to remove unbound fluorophores.
The fluorescence emission spectra of AF790 on Au-NHDAs arrays or glass controls were collected using a Fluorolog® Tau-3 system (HORIBA Jobin Yvon) with a 450 W Xe lamp excitation. All the spectra were acquired using unpolarized light, corrected from the spectral response, and long-pass filters were used to eliminate the contribution from scattered excitation light.
The fluorescence decay curves of AF790 were measured using the time-correlated single photon counting (TCSPC) technique,27 using a FluoTime200 spectrometer (PicoQuant), equipped with a Time-Harp300 TCSPC board (PicoQuant) and a Hamamatsu photomultiplier (PMA-185). The excitation source was a 730 nm picosecond pulsed diode laser (PicoQuant, LDH730), driven by a PDL800-D driver (PicoQuant) and operated at 40 MHz pulse repetition rate. Emission was collected at right angles relative to the excitation laser beam. The emission arm was fitted with a long pass filter (HQ460LP, Chroma) before the monochromator (Scientech 9030). The full width at half maximum (FWHM) of the system’s instrument response function (IRF) was 350 ps. The fluorescence decay curves were analyzed using the FluoFit software (PicoQuant, version 4.2.1) based on a multi-exponential model, which involves an iterative reconvolution process. The quality of the fits was assessed by the value of the reduced χ2 value, and a visual inspection of the distribution of the weighted residuals and their autocorrelation function.28

Computational Electromagnetic Modeling

Calculations of the electromagnetic properties of the Au-NHDAs were carried out using the finite difference time domain (FDTD) technique.29 In brief, a 3D total-field scheme was used with a grid resolution of 1-2 nm in each direction. The grid resolution for each case was obtained by convergence testing. The dielectric function of Au was modeled with a Drude-Lorentz model (data provided in the Supplementary Information),30 and the glass had a dielectric constant of 2.32. To prevent non-physical reflections from the extremities of the FDTD workspace, Perfectly Matched Layers (PML) were placed at the upper and lower boundaries of the FDTD workspace. To simulate an infinite nanohole/disc array, the other boundaries had periodic boundary conditions. All FDTD calculations were carried out using the open source MEEP FDTD code31 on a HP Z800 workstation with two Quad core processors and 64 GB RAM. The reflections from the array, transmission into the glass and material absorption were calculated using the method described previously,32 where the incident field and the total field are found through surfaces in the glass and above the array.  




Results and Discussion

3D Au-NHDAs by nanosphere lithography with tunable structures and optical properties
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Figure 2. (a-b) Scanning electron microscopy (SEM) images of Au-NHDAs fabricated through nanosphere lithography using 280 nm polystyrene (PS) spheres, with nanodisc diameters of 215 nm (Au-NHDA-215; a) and 148 nm (Au-NHDA-148; b). Scale bar 400 nm. (c) Normalized extinction spectra of Au-NHDA-215 and Au-NHDA-148 (solid lines), and absorption and emission spectra of AlexaFluor® 790 (AF790; dashed lines). 

Table 1. Structural parameters (as defined schematically in Figure 1g) and extinction peak positions of Au-NHDAs, and fluorescence enhancement factors (Ef) for AF790.
	Array
	Pitch size
(nm)
	Diameter
(nm)
	Gap
(nm)
	Extinction peak
(nm)
	Ef (AF790)

	Au-NHDA-148
	280
	148±3
	10
	848
	298

	Au-NHDA-215
	280
	215±5
	10
	848
	411



Figure 2a-b shows two examples of the 3D Au-NHDAs fabricated through our newly developed protocol, and their properties are summarized in Table 1. The Au-NHDAs had a pitch (center-to-center distance) of 280 nm, while the nanodisc diameters were 215 nm (Au-NHDA-215; Figure 2a) and 148 nm (Au-NHDA-148; Figure 2b). 
To obtain high quality Au-NHDAs, several steps of the fabrication protocol were optimized to achieve a well-controlled and tunable process. First, nanosphere lithography combined with O2 plasma etching and Ar ion milling was used to generate glass or silicon substrates patterned with hexagonal arrays of nanopillars (Figure 1e). The pitch of these arrays could be controlled by the initial PS size, while the nanopillar diameter was determined by the duration of O2 plasma etching, as well as the parameters used in the Ar ion milling (angle of milling, flux, accelerating voltage, and screen voltage). A novel approach in Ar ion milling was established to ensure that the nanopillar substrate had vertical sidewalls (Figure S1),33 an essential requirement to guarantee that the metal nanodiscs were isolated from the underlying nanohole array, for successful LSPR and SPP coupling. For arrays with a pitch lower than 400 nm, like the ones shown in Figure 2a, the milling depth was set at 40 nm as this was the maximum depth that allowed vertical sidewalls to be maintained. Furthermore, a Ni sacrificial layer was added between the substrate and PS mask to enable complete PS removal, and obtain nanopillar surfaces that were smooth and free of PS residue (Figure S1), which could have severely compromised the morphology of the final Au-NHDAs. 
Following production of the nanopillar-patterned substrates, Au deposition led to the formation of Au nanohole and nanodisc arrays on the base and top of the nanopillars, respectively. To provide a gap of approximately 10 nm between the nanodisc and nanohole arrays, 30 nm of Au was deposited on the patterned substrate. This gap distance was selected as it has been previously suggested as the optimal distance for LSPR and SPP coupling to take place.26 In addition, we found that deposition of 30 nm thick Au layers produced arrays with optical properties in the NIR/NIR-II windows, making them suitable for biological applications. Nonetheless, straightforward control of the etching depth/metal deposition thickness, and therefore separation distance, through our method, could easily allow further optimization of the arrays’ performance in the future. 
Close inspection of the gaps between nanodiscs and nanoholes revealed the presence of small Au nanoparticles (NPs). These NPs may originate from Au deposited on the pillar sidewalls that is much thinner than that on top of the nanopillars. The thin Au layer is unstable and diffuses at the elevated evaporation temperature, self-assembling into small NPs.26 Previous publications have suggested that these small metallic NPs may be an important feature of the Au-NHDAs, for example by strongly focusing light to small regions and significantly enhancing local electric fields. 26, 34 However, as the size of these small NPs was not tunable under the fabrication protocol currently used, and establishing an accurate size distribution was not possible under the current imaging conditions, their effect on fluorescence enhancement was not investigated further in the present work and remains to be evaluated. In summary, the Au-NHDAs arrays produced were uniform and highly reproducible. A range of the arrays with different pitch sizes and different nanodisc diameters is shown in Figure S2, showcasing the flexibility and tunability of our developed protocol. 
Overall, our protocol was able to generate Au-NHDAs with tunable optical features in the NIR/NIR-II windows. These optical properties could allow Au-NHDAs to be spectrally coupled with several different fluorophores throughout the NIR/NIR-II, which could be crucial for the development of multiplexed and multicolor biosensing applications. The extinction spectra of Au-NHDA-215 and Au-NHDA-148 are presented in Figure 2c. These arrays were selected to provide maximum spectral overlap with a commercially available NIR dye (AlexaFluor® 790, Abs 782 nm/Em 805 nm; Figure 2c). An AlexaFluor® dye was selected because, compared with other available dyes with similar excitation/emission, it is hydrophilic, more photostable and less pH-sensitive, making it suitable for biosensing applications and for cell and tissue labelling.35 In addition, this dye has a very low quantum yield (~4%) and was therefore used to test the potential of Au-NHDAs for increasing its emission efficiency. Au-NHDA-215 had a resonance peak around 848 nm (Figure 2b), while Au-NHDA-148 did not show a clearly visible peak but 1st derivative calculation revealed a small peak also around 848 nm (Figure S3). This is in agreement with the FDTD results, discussed in the section “Computational electromagnetic modeling”, which show that the resonance peak is almost the same for both types of substrates. In the case of isolated nanodiscs of different diameters, we would expect LSPR wavelength to vary with size. However, because the nanodiscs are in hexagonal arrays, the proximity of the adjacent particles will affect the electromagnetic interaction between individual nanodiscs as well as between nanodiscs and the Au film. The optical extinction in this array is therefore a complex function, not only of particle size, but also of coupling between the particles (inter-particle coupling) and coupling between particles and the Au thin film.36-40 For fluorescence enhancement studies, we investigated two arrays with the same resonance peak, fixed pitch size, Au layer thickness and separation gap to be able to consider the influence of the nanodisc diameter on fluorescence enhancement. 

NIR fluorescence enhancement with tunable enhancement factors
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Figure 3. Photoluminescence (PL) emission spectra of streptavidin-conjugated AF790 monolayers formed on biotinylated bovine serum albumin (bBSA)-coated glass slides, Au-NHDA-215 and Au-NHDA-148. The inset shows the PL emission of AF790 on bBSA-coated glass compared to bare (i.e., with no fluorophore) bBSA-coated glass slides, used for background correction.

We then proceeded to test whether the Au-NHDAs fabricated through colloidal lithography could achieve high fluorescence enhancement by exploiting LSPR-SPP coupling. The potential for NIR enhanced fluorescence was tested by immobilizing AF790 monolayers on the Au-NHDAs, using bare glass substrates as a control. Dye monolayers were formed through biotin-avidin binding of the streptavidin–functionalized dye with self-assembled monolayers of biotin-labeled bovine serum albumin (bBSA) on the Au-NHDAs and glass substrates, as depicted schematically in Figure 1g and discussed in detail in our previous work.2, 4, 25 Following substrate incubation with bBSA, bBSA is expected to form complete monolayers on both glass and Au-NHDA substrates, as it is known to bind to both glass and Au surfaces: on glass, through noncovalent physisorption, while, on Au, through coordinative interaction between gold and the bBSA thiol groups.41-43 We have previously quantified the amount of bBSA bound to glass and Au surfaces by measuring its absorbance at 280 nm, and shown that, under the incubation protocol used, this amount was roughly equal between the two types of surfaces (at most 1.2 times higher on Au rather than glass).25 In addition, in practical biosensing applications the fluorescent signal is measured per acquisition area regardless of the number of attached fluorophores, therefore the uncorrected fluorescence enhancement factors are presented here, which may be more relevant. 
The size of bBSA, which has an ellipsoidal shape with axes of 4 and 8 nm, combined with the streptavidin diameter of ~4 nm, provide a total spacing of ~12 nm between the dye molecules and the Au surface. The magnitude of MEF is known to be strongly dependent on dye-metal nanostructure separation distance.32 Since electromagnetic field intensity decreases with increasing distance from the metal surface, fluorescence enhancement also decreases. On the other hand, non-radiative decay is inversely proportional to the third power of this spacing and is known to dominate at very small distances (<4 nm), consequently resulting to fluorescence quenching.44-45 Therefore, the approach employed here using the streptavidin–biotin conjugate enables a significantly larger spacing of ~12 nm, ensuring that non-radiative decay channels are minimized.24
The fluorescence emission of AF790 bound to glass substrates or Au-NHDAs was measured using an excitation of 760 nm over 3 different areas on each substrate. The averaged emission is shown in Figure 3. Glass substrates coated with bBSA were used for background correction. The area averaged fluorescence enhancement factors (Ef) were calculated as previously described,24 using:
	 	(1)		
where  is the fluorescence intensity of AF790 on the Au-NHDAs,  is the fluorescence intensity of AF790 on glass,  is the backgroundfluorescence of bBSA on the Au-NHDA,  is the backgroundfluorescence of bBSA on glass,  is the surface area of uncovered bare glass on a substrate, and  is the total surface area of the substrate. The calculated fluorescence enhancement factors (Ef) are displayed in Table 1, showing significant NIR fluorescence enhancement from both samples. MEF is a complex coupling process between fluorophores and metal nanostructures, 24, 32 and is usually attributed to the combined contribution of excitation and emission enhancement. Local electric field enhancements, generated close to metal nanostructures by SPP or LSPR, can result to increased excitation rates for fluorophores, leading to excitation enhancement. Emission enhancement arises from modification of the radiative and non-radiative decay rates of nearby fluorophores by metal nanostructures, resulting in modified fluorescence lifetimes and quantum yields. Experimental and theoretical work has identified several factors that may influence the magnitude of fluorescence enhancement, including particle size, shape, interparticle separation, the surrounding dielectric medium, as well as the particle arrangement geometry and distance between the metal and fluorophore.22, 32, 44 Moreover, MEF critically depends on the overlap between the LSPR in metal nanostructures and the spectral properties of the fluorophore.
As shown in Table 1, Au-NHDAs led to enhancement factors of up to 411 times. This value is lower than the 7400-fold enhancement previously reported for a similar 3D plasmonic structure,26 possibly due to a combination of factors like the different measurement setup used or the lower spacer thickness (~6.5 nm). Nevertheless, fluorescence enhancement was significantly higher than that previously obtained by our group with Au nanodisc or Au nanotriangular arrays, under identical experimental setup conditions.4, 24 For instance, we have previously shown that for Au nanodisc arrays on glass substrates, a maximum enhancement factor of 235 times was measured with 256 nm nanodiscs for AlexaFluor® 750 (Abs 749 nm/Em 775 nm), and decreased with decreasing nanodisc diameter.4 We have also measured up to 83 times fluorescence enhancement for AF790 using Ag nanotriangular arrays (i.e. arrays of bow-tie assemblies).24 In these 2D plasmonic arrays, coupled LSPRs arise due to the strong near field coupling between the constitutive particles, leading to local enhancements of the electric field in the gaps between particles. This results to higher excitation rates for fluorophores positioned close to these electric field “hot spots”, leading to MEF through excitation enhancement. In the 2D plasmonic arrays previously explored, however, “hot spots” may be sparsely distributed over the array surface, limiting large fluorescence enhancement only to confined regions of the array. In our 3D plasmonic Au-NHDAs in contrast, apart from inter-particle coupling, SPP-LSPR coupling could result to electric field enhancements that are more uniform over larger surface areas, thus resulting to the higher overall MEF measured here. Although the SPP effect in nanohole arrays typically results to weaker electric field enhancements compared to LSPR, their convolution in the Au-NHDAs through the nanogaps results to much stronger field concentration through coupling.26 Previous work on Ag nanocap–nanohole pairs, for instance, has shown that the electric field enhancement was sensitive to the size of the gap.46 As previously suggested, the 3D array may be extremely efficient in receiving excitation light and radiating fluorescent light.26 It has been proposed, for example, that the small gaps in the array structure and the small metallic dots located on the sidewalls of the glass nanopillars may be able to strongly focus light on to small regions and significantly enhance the local electric fields.26, 34 Consequently, in contrast to the large proportion of exposed bare glass areas in nanodisc or nanotriangular arrays, the high density of nanodiscs, gaps and dots in Au-NHDAs leads to a higher percentage of fluorophores near areas of electric field hot spots, hence increasing the average fluorescence enhancement. This enhancement has already been shown to dramatically improve the sensitivity and dynamic range for protein biomarker detection in fluorescent immunoassays.26 Here, tunability of the enhancement factors was achieved, with higher fluorescence enhancement measured for Au-NHDA-215 compared to Au-NHDA-148. We believe this is likely due to the shorter distance between individual nanodiscs leading to stronger LSPR interparticle coupling, which is consistent with previously reported work.4, 23-24 Therefore, the protocol presented here for Au-NHDAs fabrication may be a significant step forward in the application of MEF in biomedical applications as it allows straightforward control of the arrays’ structural properties, in contrast to nanoimprint lithography which lacks the flexibility in producing different structures using the same mask. The ability to produce arrays with tunable enhancement factors, and therefore tune the sensitivity of detection to different concentrations of biomarkers of interest in a single sample is crucial for the future development of multiplexed detection platforms.
In addition, excitation angle and polarization could play important roles in determining the resonance mode in our LSPR-SPP coupled system.47-49 The ability to tune the plasmonic mode, and consequently fluorescence emission, could be useful for a wide range of bioimaging and biosensing applications. As a first attempt to examine the effect of excitation angle, we measured the fluorescence enhancement factors for AF790 at 30° and 45° (Table S1). Our data showed that, by increasing the excitation angle to 45o, there was around 10% increase to the enhancement factor of Au-NHDA-148 but a slight decrease in the case of Au-NHDA-215. These findings suggest that MEF using our Au-NHDAs may indeed be sensitive to the excitation angle, which will be explored in detail in the future to further optimize our arrays’ performance.
In contrast to our previous work on nanodisc and nanotriangular arrays,4, 23-24 where fluorescence emission intensity was stable throughout the experiments, considerable intensity decrease was observed during the acquisition process with the Au-NHDAs. For instance, the first measurement of emission intensity of AF790 using Au-NHDA-215 showed an enhancement factor of 505 times, degrading to 411 when measured 30 minutes later. To verify this was not caused by the measurement setup, the fluorescence intensity from AF790 on bare glass substrates was measured and was steady throughout 3 h of measurements. Therefore, for consistency, fluorescence measurements for all samples (i.e. values in Table 1) were collected 30 min after first exposure to the excitation light source. Consequently, the enhancement factors presented here are semi-quantitative and are a lower estimation of the full potential of the Au-NHDAs for fluorescence enhancement, since a proportion of the fluorophores had been degraded over the measurement period. This is an interesting observation, as it is generally accepted that MEF improves the photostability of fluorophores, by decreasing their lifetime and therefore allowing a greater excitation/emission cycle rate.50 However, as discussed in the section “Computational Electromagnetic Modeling”, the electric field enhancement is very high for the arrays reported here, about 2 orders of magnitude higher than what previously reported by our group, especially near the surface of the nanodiscs. We speculate that the photobleaching observed may be caused by intersystem crossing for a small number of fluorophore in regions of extremely high electric field, which is consistent with previous work.51 We therefore expect that there is a finite number of fluorophores on the substrate affected, after which the system is stable. This observation also suggests that there may be a maximum field enhancement that should be designed into this system.







Computational electromagnetic modeling
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Figure 4. Spectral response (reflection, transmission and absorption) (a, b) and E field enhancement (E/Ei) (c-f; logarithmic scale) calculated with 3-dimensional (3D) finite-difference time-domain (FDTD) modeling for Au-NHDA-215 (a, c, d) and Au-NHDA-148 (b, e, f). The E field enhancement was calculated 12 nm above the surface of the Au nanodiscs (c, e) or 12 nm above the Au thin film surface (d, f), for a 790 nm incident wave. 

For computational calculations, we considered arrays with the same properties of those measured experimentally (Figure 2 and Table 1) and as depicted schematically in Figure 1g. Figure 4a, b shows the calculated reflection, transmission and absorption spectra for Au-NHDA-148 and Au-NHDA-215. In both cases, transmission minima are observed at wavelengths between 750 and 800 nm. For Au-NHDA-148, absorption minima and reflection maxima appear at wavelengths close to the transmission minima. For Au-NHDA-215, the calculated absorption continues to decline with increasing wavelength and a local minimum is not observed close to the transmission minimum. Nevertheless, for both samples, significant features in the spectral response are observed close to the excitation and emission wavelengths of AF790. 
In MEF, excitation enhancement occurs due to an increase in the intensity of the electric field. Therefore, to draw further insights into the mechanism of fluorescence enhancement, the electric field enhancement at 790 nm was calculated for both samples. The results, for a distance of 12 nm above the surface of either the Au nanodiscs (Figure 4c, e) or the Au thin film (Figure 4d, f) are shown in Figure 4. This height was selected to directly correspond to the estimated total spacing of ~12 nm between the dye molecules and the Au-NHDA surface provided by the bBSA-streptavidin spacer used in our experiments. If the surface area of high field enhancement available for fluorophore attachment were considered, a higher fluorescent enhancement due to increased excitation would be expected with the Au-NHDA-148. Still, the field enhancements obtained by our modeling results (Figure 4c-f) are quite similar between the two types of Au-NHDAs, which corresponds to the similar enhancement factors measured through our fluorescence measurements (Figure 3). In addition, our model did not take into account the small metallic NPs located in the sidewalls of the nanopillars, which may be an important feature of the arrays, possibly able to significantly enhance local electric fields.
The electromagnetic field modeling data also suggest that the excitation enhancement, due to the increased electric field, should be approaching or even exceeding three orders of magnitude, therefore the actual fluorescent enhancement measured is lower than expected. A possible explanation for this observation could be absorption of fluorophore emissions by the Au surfaces. As shown in our previous work using Au spheres,32 only fluorophore emissions that are normal to the surface of the sphere will be enhanced. Here, emissions with field components that are normal to the nanocylinder will be tangential to the Au film. Since the metal is not a perfect conductor at this wavelength, there will be some absorption of the emitted field causing a reduction in the emission enhancement. Therefore, further investigation in this area is required in order to optimize the array geometry for higher emission enhancement.






Fluorescence lifetime measurements
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Figure 5. Fluorescence lifetime spectra of streptavidin-conjugated AF790 monolayers immobilized on Au-NHDAs, and on glass substrates as a control. The dotted line shows the instrument response function (IRF).

Further insights into the respective contributions of excitation and emission enhancement to the total enhancement factors were obtained from fluorescence lifetime measurements. This also enabled us to estimate the modification of the fluorophore’s quantum yield by the Au-NHDAs.52 The fluorescence lifetime spectra of AF790 on the Au-NHDAs, as well as bare glass substrates as a control, are shown in Figure 5. To evaluate these data, we used a multiexponential (ME) model, which describes the fractional contribution of decay times of different components in a sample mixture.53 For our data, acceptable fitting required a model with two decay times, τ1 and τ2, from which an average value is calculated using the weighting a1 and a2:

		(2)

The results of fitting to a ME decay model are summarized in Table S3. The  values represent the goodness of fit parameter, obtained by fitting experimentally measured parameters to calculated values through a nonlinear least-squares deconvolution process. The average lifetime of AF790 monolayer on glass was found to be 600 ps, in agreement with our previous reports.24-25 As shown in Figure 5, fluorescence lifetime was considerably decreased on both Au-NHDAs. However, the decreased lifetime reached the detection limit of the detector available for measurements (~50 ps). Based on the ME model fitting, we estimate that the fluorescence lifetime may have substantially decreased to values close to 20 ps for both Au-NHDAs (Table S3). 
[bookmark: _GoBack]The lifetime data were then analyzed within the framework of a well-established semi-empirical model,52 as discussed in detail in our previous work.4, 25 Using the measured fluorescence lifetime of AF790 on glass and the unmodified quantum yield of AF790 (4%),25 we estimated the modified quantum yield for each Au-NHDA, and thus the emission enhancement factor (Eem), defined as . Then, the excitation enhancement factor (Eex) for each sample was calculated by dividing the total fluorescence enhancement factor (Ef, Table 1) by the emission enhancement (), as shown in Table S4. Although the values are semi-quantitative due to the detection limit of the detector, they indicate that the radiative decay rate of AF790 increased significantly on Au-NHDAs, causing the quantum yield of the fluorophores to increase. The observed emission enhancement suggests that the fluorophore coupled to the SPP/LSPR generated by the Au-NHDAs. The high values of modified quantum yield estimated for AF790 on both Au-NHDAs (~ 97%) show that these arrays can dramatically increase the brightness of low-quantum-yield NIR dyes to levels similar to those of visible dyes. However, the fluorescence decay curves of AF790 were almost identical for both types of Au-NHDAs, probably due to the fact that both measurements are approaching the IRF.  Thus the limitations of the instrumentation used in the present study indicate that it is challenging to quantitatively determine the modified quantum yield and consequently the emission enhancement.  Although further lifetime data may be required to more thoroughly characterize our system, our findings indicate that array morphology may significantly impact the mechanism of fluorescence enhancement, emphasizing the capabilities of our fabrication protocol in producing arrays with controlled structural properties to achieve tunable enhancement factors.

Conclusions

In summary, the large near-infrared fluorescence enhancement measured for Au-NHDAs fabricated by nanosphere lithography (more than 400 times), confirm that these arrays are promising NIR-MEF platforms for the development of biosensing applications, where analytes at extremely low concentrations can be detected. By considering arrays with the same pitch and resonance peak, we showed that emission enhancement was not significantly different for the nanodisc diameters considered. These findings show that the enhancement factors, and hence the sensitivity of Au-NHDAs, can be tuned by manipulating the structural characteristics of the arrays, highlighting the potential of our fabrication protocol which is flexible to several different structures. Our findings provide insights into the mechanism of MEF from 3D plasmonic arrays that can be used to guide future design of NIR/NIR-II biomedical applications.
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