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Gold nanostars (AuNS) are receiving increasing attention for their potential applications in bio-

nanotechnology, because of their unique optical properties related to their complex branched morphology. 

Their sharp features allow strong Localized Surface Plasmon Resonances (LSPRs), tunable in the near-

infrared (NIR) region, and large enhancements of local electromagnetic fields. Here, the application of 

AuNS in metal enhanced fluorescence (MEF) in the NIR and second NIR (NIR-II) biological windows is 

explored for the first time. NIR/NIR-II fluorophores are incorporated on to monolayers of AuNS with 

tunable plasmonic responses. Over 320 times fluorescence enhancement is achieved in the NIR, 
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 2

confirming that AuNS substrates are promising NIR-MEF platforms for the development of ultrasensitive 

biosensing applications. Using fluorescence lifetime measurements to semi-quantitatively deconvolute the 

excitation enhancement from emission enhancement, as well as modelling to simulate the electric field 

enhancement, we show that a combination of enhanced excitation and an increased radiative decay rate, 

accompanied by an increase to the quantum yield, contribute to the observed large enhancement. AuNS 

with different morphological features exhibit significantly different excitation enhancement, indicating 

the important role of particle morphology on the magnitude of electromagnetic field enhancement, and 

the resulting enhancement factor. Importantly, enhancement factors of up to 50 times are also achieved in 

the NIR-II region, suggesting that this system holds promise for the future development of bright probes 

for NIR/NIR-II biosensing and bioimaging. 

  

Introduction 

Gold nanostars (AuNS) are branched nanostructures consisting of a spherical core with several 

protruding spikes with sharp tips.
1-4

 They have high biocompatibility and chemical stability, and unique 

optical properties, and therefore have attracted widespread attention for potential applications in 

nanomedicine. Their sharp features allow strong Localized Surface Plasmon Resonances (LSPRs), which 

provide the foundation for plasmon-enhanced spectroscopy,
5
 and make AuNS promising tools for 

biological applications. Indeed, AuNS have been proposed for surface enhanced Raman scattering 

(SERS) substares,
6-10

 as well as photothermal therapy
11, 12

 and drug delivery.
13, 14

 Surprisingly, attempts to 

apply their plasmonic properties in metal enhanced fluorescence (MEF) are lacking from the literature.  

MEF is an optical process in which the near-field interaction of fluorophores with metallic 

nanoparticles may, under specific conditions, produce large fluorescence enhancements.
15-18

 This 

amplification of light can be exploited to considerably increase detection sensitivity and contrast 

enhancement, therefore improving the performance of fluorescence-based sensing and imaging 
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 3

technologies.
19

 MEF is becoming important in several areas of biomedical research, including DNA
20, 21

 

and RNA
22

 sensing, immunoassays,
23, 24

 and fluorescence-based imaging.
25, 26

 The magnitude of 

fluorescence enhancement in such applications critically depends, among several factors, on the spectral 

overlap between the LSPR of metal nanoparticle with the spectral properties (i.e. excitation and emission) 

of the fluorophores.
27

 Therefore, AuNS, with their tunable optical properties, could be useful candidates 

as effective MEF agents in bio-applications, especially at biologically important wavelengths. 

Two particularly relevant emission bands for bioapplications are the first (NIR; 650-900 nm) and 

second (NIR-II; 1.0-1.7 µm) NIR windows. Minimal light absorption from water and haemoglobin in 

these wavelengths, allows for high transparency when imaging soft tissue and blood.
28

 Lower 

autofluorescence from organic molecules offers negligible background signals for biosensing,
29

 while 

NIR imaging is non-invasive for living tissue.
29

 Furthermore, reduced photon scattering allows 

bioimaging in the NIR-II region with higher tissue penetration.
30

 However, NIR/NIR-II fluorophores 

exhibit much lower fluorescence emission than UV/visible dyes, which remains an obstacle in their 

applicability.  As the design and synthesis of new photostable NIR/NIR-II fluorophores with high 

quantum yields has proven extremely challenging,
31

  effective and scalable platforms for fluorescence 

enhancement in the NIR/NIR-II are highly desirable for improving detection sensitivity, and could pave 

the way for novel high-performance diagnostic devices.
19, 32

 

To date, only a limited number of platforms allowing NIR/NIR-II fluorescence enhancement have been 

reported.
32-36

 Recent work on NIR protein microarrays for detection of disease biomarkers has been based 

on porous Au films produced by dealloying.
24, 35

 Similar films have also been used in one of the few 

attempts investigating MEF in the NIR-II region, allowing fluorescence enhancement from single walled 

carbon nanotubes (SWCNTs), but only by 10-fold.
37

 This may be due to the fact that systematic LSPR 

tuning of these Au nanoporous films was not possible.
24

 In our own work, arrays of Ag or Au 

nanotriangles with tunable optical features, obtained by nanosphere lithography, allowed fluorescence 

enhancement of up to two orders of magnitude, in both the NIR,
32

 and NIR-II regions.
38

 Bottom-up 

approaches for the fabrication of MEF substrates represent a lower cost alternative, that would allow the 
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production of arrays with flexible tuning parameters over large surface areas. Such approaches would also 

enable the application of anisotropic nanoparticles (NPs), including AuNS, which exhibit excellent 

plasmonic properties but whose potential for fluorescence enhancement in the NIR/NIR-II regions has not 

yet been explored.  

For AuNS, the LSPR peak position and electric field enhancement largely depend on their size and 

shape, and are proportional to the length and aspect ratio of the spikes.
39, 40

 The spike-length and aspect 

ratio are thought to be responsible for the observed red shift of the AuNS plasmon away from the peak of 

the spherical gold core.
40

 Therefore, control of these morphological features allows systematic tunability 

of their optical properties across a wide range of the electromagnetic spectrum, reaching the NIR and 

NIR-II regions.
40, 41

 As a result of their LSPR, the local electric field near their sharp tips, between the 

spikes of individual AuNS, or between the spikes of adjacent nanostars, can be enhanced by several 

orders of magnitude,
40, 42

 holding great promise for large fluorescence enhancement. Their fabrication by 

wet chemical synthesis is low cost, readily scalable and can ultimately allow to synthesize multifunctional 

MEF agents, which induce bright NIR/NIR-II fluorescence and simultaneously carry other diagnostic or 

therapeutic molecules. 

In the present work, fluorescent enhancement in both the NIR and NIR-II regions, using substrates 

based on AuNS, is reported. MEF was examined by incorporating fluorophores emitting in the NIR (two 

Alexa Fluor
®
 dyes, Alexa Fluor

®
 750 and Alexa Fluor

®
 790) or NIR-II (silver sulfide quantum dots, Ag2S 

QDs), on monolayers of AuNS grafted on mercaptopropyl-trimethoxysilane-coated glass slides, as 

illustrated schematically in Figure 1. To control the optical properties of the substrates, two different 

types of AuNS with LSPR positions in these spectral regions were synthesized via a surfactant-free seed-

mediated method. Immobilization of fluorophore monolayers on to the arrays was attained via self-

assembly of biotinylated bovine serum albumin (bBSA), followed by biotin–avidin interaction with 

streptavidin-functionalized fluorophores. In the NIR, significant fluorescence enhancement of more than 

two orders of magnitude was achieved, confirming that AuNS arrays are promising NIR-MEF platforms 

for the development of ultrasensitive biosensing applications, where analytes at extremely low 

Page 4 of 37

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 5

concentrations can be detected. Using fluorescence lifetime measurements, we showed that a combination 

of both enhanced excitation and an increased radiative decay rate, leading to an associated enhancement 

of the quantum yield, contributed to the large enhancement. For each NIR dye, emission enhancement 

was similar for the two types of AuNS tested, but excitation enhancement was significantly different. 

Electric field modelling indicated drastically enhanced local field intensities around L-AuNS compared to 

those of S-AuNS. These findings indicate that particle morphology largely affects the magnitude of 

electromagnetic field enhancement, and ultimately the total enhancement factor. Furthermore, 

enhancement factors of up to 46 times were also achieved in the NIR-II region, which holds great promise 

for the future development of bright probes for NIR-II bioimaging.  

 

Experimental 

Materials 

Gold chloride trihydrate (HAuCl4·3H2O), sodium citrate tribasic dehydrate, silver nitrate (AgNO3), L-

ascorbic acid (AA), hydrogen peroxide solution  (H2O2, 30 wt. %), (3-Mercaptopropyl)trimethoxysilane 

(MPTMS, 95%), phosphate buffered saline (PBS, pH 7.4) and biotinylated bovine serum albumin (bBSA) 

were purchased  from Sigma-Aldrich, UK. Glass microscope slides, hydrochloric acid (HCl, 37%), 

sulphuric acid (H2SO4, 96%), acetone and 2-propanol were obtained from VWR International, UK. 

Streptavidin conjugated dyes, AlexaFluor
® 

750 (AF750) and AlexaFluor
®
 790 (AF700) were purchased 

from Fischer Scientific. De-ionized water was purified using the Millipore Milli-Q
®
 gradient system 

(>18.2 MΩ). 

 

Methods 

Synthesis and characterization of AuNS 

Gold nanostars (AuNS) of two different sizes, referred to as small (S-AuNS) and large (L-AuNS) gold 

nanostars, were synthesized via a seed mediated two-step protocol. 
40, 43

 First, spherical citrate-stabilized 
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 6

Au nanoparticle (AuNP) seeds, with average sizes of 15 nm (AuNP15) and 50 nm (AuNP50), were 

prepared by heating 100 mL of a 0.25 mM aqueous HAuCl4·3H2O solution in a 250 mL Erlenmeyer flask, 

under magnetic stirring. Once the solution reached boiling point, 1 or 0.25 mL of a 3.3% (w/v) aqueous 

sodium citrate solution were rapidly added, under vigorous stirring. Color started appearing in the 

solution after 1-3 min, and heating was continued until it became stable to a bright red color (within 10 

min). The solution was then cooled in an ice bath, its volume was made up to 100 mL with Milli-Q
®
 

water, and subsequently stored at 4 
o
C. 

For S-AuNS synthesis, 200 µL of AuNP15 were added to 10 mL of 0.1 mM HAuCl4·3H2O with 10 µL 

of 1 M HCl in a 30 mL glass vial at room temperature, under moderate stirring. In the case of L-AuNS, 

300 µL of AuNP50 were added to 10 mL of 0.3 mM HAuCl4·3H2O, containing 10 µL of 1 M HCl. Then, 

150 µL of 2 mM AgNO3 and 50 µL of 100 mM AA were quickly added. The color of the solution 

changed from faint red to blue-green as soon as AA was added, within less than 1 s, and stirring was 

stopped after 30 s. The extinction spectra of the solutions were measured immediately after addition of 

AA (t = 1 s), and monitored after up to 4 h of stirring (Supporting Information, Figure S1). Since no 

changes to these spectra were detected, the reaction is already complete within seconds of AA addition. 

Therefore, the 30 s of stirring time were selected, like previous reports,
40

 as an adequate stirring time that 

confidently ensured that the formation of AuNS had been completed. 

As-synthesized AuNPs and AuNS were characterized by optical absorption spectroscopy, using an 

Agilent Cary 5000 UV-Vis-NIR spectrophotometer.  Extinction spectra were collected using glass 

cuvettes from Hellma
®
 Analytics, and both a 100% transmittance (T) and 0% T baseline correction was 

applied to the data (Supporting Information, Figure S2). The 100% T baseline correction was performed 

using Milli-Q
®
 water, to account for water/cuvette absorption. Transmission electron microscopy (TEM) 

was performed using a JEOL JEM-2100F with an accelerating voltage of 200 kV.  Size distributions were 

measured using several TEM images and processed via ImageJ software (http://rsb.info.nih.gov/ij/).  

 

Preparation of MPTMS@Glass slides 
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 7

Prior to MPTMS grafting, glass microscopes slides were cut to 10 mm × 12 mm pieces and cleaned by 

ultrasonication in acetone, Milli-Q
®
 water and 2-propanol, for 10 min each. The slides were dried under a 

N2 stream and treated with piranha solution (3:1 v/v H2SO4 96%:H2O2 30%) for 30 min. Then, they were 

washed 3 times by ultrasonication in Milli-Q
®
 water, for 3 min each. The washed slides were dried in an 

oven at 140 °C for 1 h, and allowed to cool to room temperature. Then, inside a glass container that had 

undergone the same cleaning procedure, the slides were immersed in a 5% v/v solution of MPTMS in 

ethanol, sealed and allowed to react for 4 h in a water bath at 40 °C. Silanization of glass surfaces is 

thought to take place through reaction of surface silanols with the Si-OH groups of MPTMS, leading to 

formation of Si(surface)-O-Si bridges.
44

 The remaining Si-OH groups of MPTMS are positioned in such a 

way that Si-O-Si bridges can be formed between similar nearby fragments.
44

 After 4 h, the MPTMS 

solution was discarded and the slides were washed 3 times by ultrasonication in ethanol, for 3 min each. 

Finally the slides were dried under a N2 stream and cured in an oven at 100 
o
C for 15 min.  

 

Formation of AuNS self-assembled monolayers on MPTMS@Glass slides 

To form AuNS self-assembled monolayers (SAMs), the MPTMS-modified glass slides were placed in 

glass containers, which had been cleaned with piranha solution as described in the previous section, and 

immersed in solutions of freshly synthesized AuNS. The colloidal suspensions of AuNS were relatively 

stable up to 24 h after synthesis, under storage at 4 
o
C, with little changes observed in their extinction 

spectra (about 4 nm blue-shift; Figure S1, Supporting Information). However, since the method used for 

their synthesis was surfactant free, aggregation of the particles or blunting of their tips may occur during 

long-term storage.
45

 Therefore, the AuNS suspensions were used for monolayer preparation only within 

the same day as their synthesis. The containers with the glass slides were sealed and placed on an orbital 

shaker (100 rpm), in the dark for 18 h. The AuNS-coated glass slides were rinsed with Milli-Q
®
 water 3 

times and gently dried under a N2 stream. All substrates were stored under vacuum and used within 1 

week of their fabrication. During this period, no changes were observed in their optical absorption spectra 

(Supporting Information, Figure S3), therefore we expect that minimal blunting of the AuNS tips had 
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 8

occurred in the following experiments. Once grafted on the glass slides, the thiolate-gold coordinative 

bonds between the nanostars and MPTMS may provide some protection from reshaping.
45

 However, since 

the top surface of the AuNS is bare, we suggest that an additional protection may be necessary for longer 

term storage of such substrates. 

The morphology of the substrates was examined by field emission gun (FEG) scanning electron 

microscopy (SEM) using a LEO Gemini 1525 (Carl Zeiss Microscopy GmbH, UK). The SEM was 

operated in secondary electron mode at an accelerating voltage of 5 kV, using the InLens detector. 

 

Fluorophores 

The fluorophores used in this study were: (i) two commercially available streptavidin (SA)-conjugated 

near-infrared dyes (AF750 and AF790), and (ii) streptavidin-conjugated silver sulphide (Ag2S) quantum 

dots (QDs) emitting in the second near-infrared region, synthesized in-house.
38

 

Ag2S QDs with an average size of 4.1 nm and an emission peak at 1200 nm were fabricated as we have 

previously reported.
38

 They were rendered hydrophilic with a carboxylic acid group capping by ligand 

exchange, and conjugated with streptavidin via carbodiimide cross-linker chemistry.
38 

 

Immobilization of fluorophore–protein conjugation monolayers 

The AuNS SAMs and clean glass substrates, as a control, were covered by fluorophore monolayers via 

biotin-streptavidin interaction, as previously described.
32, 38

 First, to form monolayers of bBSA on the 

substrates, 26 µL of a 100 µg/mL bBSA solution in PBS (pH 7.2) were added to their surface, and 

incubated for 1 h in a humidified chamber. bBSA is known to bind, involving different binding 

mechanisms,
46

 to both glass and Au surfaces, forming a complete monolayer. In order to be able to 

quantitatively compare the fluorescence intensity of fluorophore–bBSA conjugates, in the absence and 

presence of AuNS SAMs on glass, the amount of bound bBSA on each substrate was quantified. 

Therefore, following incubation, the bBSA solution was collected from each substrate. To ensure that 

most of unbound protein had been removed, the surface of each substrate was rinsed 3 times with 50 µL 
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 9

of PBS, with each rinse being collected for bBSA quantification. The total unbound protein was 

quantified by measuring the absorbance of the solution at 280 nm, using disposable cuvettes with a 1 cm 

path length. The amount of bound bBSA on each substrate was calculated by subtraction from the total 

protein initially added. A straightforward version of the Lambert-Beer law for 2-dimensional materials 

has previously been used to determine the concentration of chromophores on surface monolayers.
44

 In our 

experiments, however, the extinction spectra of the AuNS substrates dominated those of the overlapping 

AF fluorophores, making it difficult to deconvolute the two and estimate the concentration of AF dyes on 

the AuNS arrays. Therefore, bBSA quantification, which relied on measuring absorbance at 280 nm, was 

selected as an alternative method to normalize the averaged enhancement factors. 

Binding of the streptavidin–conjugated fluorophores to bBSA was achieved by adding 37 µL of 25 

µg/mL fluorophore solutions onto the substrate surfaces and incubating for 2 h in humidified chambers in 

the dark. The substrates were rinsed several times with PBS to remove unbound fluorophores and gently 

dried under a N2 stream. Their fluorescence spectra were collected immediately. Clean glass substrates 

incubated with bBSA only, were used to establish the fluorescence background used as reference. 

 

Fluorescence measurements and analysis 

Fluorescence emission spectra of the Alexa Fluor
®
 organic dyes were collected using a Fluorolog Tau 3 

system (Horiba Scientific) with a 450 W Xenon excitation lamp. AF750 and AF790 were excited at 730 

and 760 nm, respectively, using a 4 nm slit. Fluorescence emission was measured in the ranges of 760-

830 nm and 785-850 nm, respectively, using a 5 nm slit. The fluorescence emission spectra of Ag2S QDs 

were collected in the range of 880-1570 nm, using an NS 1 NanoSpectralyzer® (Applied 

NanoFluorescence, USA), with a 782 nm excitation laser and a 512 element TE-cooled InGaAs array 

near-IR detector. In all cases, the angle of acquisition was set at 30° for accuracy and consistency of the 

measurements. For all fluorophores, the fluorescence spectra were averaged over 3 individual spots on 

each substrate, and over 3 different substrates. 
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 10

Time-correlated single-photon counting (TCSPC), which is considered as the most sensitive digital 

technique for determining photoluminescence lifetimes, was applied to acquire fluorescence decay curves 

for AF750 and AF790.
47

  Lifetime data were collected using the Fluorolog Tau 3 system, equipped with a 

DeltaDiode
TM

-C1 controller (Horiba Scientific). Samples were excited using the DeltaDiode
TM

 730L 

pulsed laser (Horiba Scientific), which has a peak wavelength at 730 ±10 nm, an extremely narrow 60 ps 

pulse width, 3.0 mW average power and a 100 MHz repetition rate. Emission was measured at 777 and 

805 nm, respectively, up to 10000 counts. The fluorescence decay curves were analyzed using the DAS6 

decay analysis software (Horiba Scientific) 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 χ
2 

value, 

and a visual inspection of the distribution of the weighted residuals and their autocorrelation function.
32 

 

Computational electromagnetic modelling 

Calculations of the electromagnetic properties of the AuNS arrays were carried out using the finite-

difference time-domain (FDTD) technique.
48

 The shape of nanostars built in the simulation was based on 

the morphology observed in TEM images (Figure 2c, f). In brief, a 3-D 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 the nanoparticles was modelled with a Drude–Lorentz 

model (data provided in the Supporting Information).
49

 To prevent non-physical reflections from the 

extremities of the FDTD workspace, perfectly matched layers (PML) were placed at the upper and lower 

boundaries. To simulate an infinite array of AuNS, the other boundaries had periodic boundary 

conditions. All FDTD calculations were carried out using the MEEP FDTD code
50

 on a HP Z800 

workstation with two Quad core processors and 64 GBytes of RAM. 

 

Results and Discussion 

Synthesis of AuNS with tunable morphological and optical properties 
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 11

To investigate the potential of AuNS as fluorescence enhancement probes in the NIR/NIR-II windows, 

AuNS with LSPR maxima in these spectral regions were synthesized via a surfactant-free seed-mediated 

wet chemical synthesis,
40, 43

 using 15 and 50 nm Au seeds (Figure 2a, d).  A surfactant-free method was 

selected because the absence of polymers (e.g. poly(vinylpyrrolidone), PVP) or surfactants (e.g. 

cetyltrimethylammonium bromide/chloride, CTAB/CTAC), provides AuNS with high biocompatibility 

and ease of functionalization for the development of biological applications. Using these seeds, AuNS of 

two different sizes were fabricated, referred to as small (S-AuNS; Figure 2b, c) and large (L-AuNS; 

Figure 2e, f) AuNS. Representative TEM images (Figure 2) revealed that the particles had the typical 

multibranched morphology of a spherical core with several protruding spikes. The morphological 

properties of the AuNS, including their overall (tip-to-tip) size, core size and spike dimensions, were 

measured using several TEM images, and are summarized in Table 1. Apart from using different seed 

sizes, the morphology of AuNS was adjusted by systematically controlling other parameters of the 

synthesis, including the Au
3+

, Ag
+
 and AA concentrations. This allowed to obtain AuNS with distinct 

differences in the number of spikes per nanoparticle and the spike sharpness, with L-AuNS exhibiting 

more spikes with sharper tips, whereas S-AuNS had relatively fewer spikes, with a lower aspect ratio and 

more rounded tips. 

As anticipated, these variations in morphology allowed tunability of the optical properties of S- and L-

AuNS (Figure 2g, h), which showed absorbance maxima at 718 and 1015 nm, respectively. Shoulders to 

the main LSPR bands also appeared at about 555 nm for S-AuNS and 850 nm for L-AuNS. AuNS are 

known to exhibit multiple plasmon resonances.
5
 Their optical properties are highly anisotropic and 

strongly depend on the size of the protruding tips.
5
 Using a finite-difference time-domain analysis, the 

plasmons of a nanostar have been shown to result from hybridization of plasmons of the core and the tips 

of the nanostar.
39

 Using this concept, in which the core plasmons interact with the tip plasmons to form 

bonding and antibonding nanostar plasmons, allows to interpret the physical origin of the plasmons of 

such complex nanostructures.
51

 Here, using AuNS with different spike aspect ratios allowed their 

plasmonic response to  be tuned from the NIR to the NIR-II region.  
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Synthesis of self-assembled monolayers of AuNS grafted on glass surfaces 

To fabricate MEF substrates based on AuNS, a self-assembly method was employed (Figure 1b, i-ii),
52

 

inspired by previous reports on the silanization of glass surfaces,
44

 and their use to obtain monolayers of 

silver nanoparticles with antibacterial properties,
53

 or AuNS for photothermal bacterial eradication.
52

 The 

AuNS monolayers were obtained through a thiolate-gold coordinative interaction, which is moderately 

strong, with a homolytic strength of 40 kcal/mol.
54-56

 SEM imaging showed that the surfaces of substrates 

fabricated with S-AuNS (Figure 3a) and L-AuNS (Figure 3d) were densely populated by particles. S-

AuNS were more homogeneously distributed on the surface of glass substrates compared to L-AuNS, 

possibly due to an increased propensity of L-AuNS to aggregate in solution before self-assembly. 

However, both types of grafted AuNS maintained the shape they had in their respective colloidal 

solutions (Figure 3b, e). Furthermore, the resulting AuNS substrates displayed uniform colorations over 

their entire surface (1 cm
2
; Figure 3c, f), which resembled those of the original colloidal suspensions. As 

previously demonstrated, the protocol employed here for the silanization of glass slides allows the 

formation of a smooth monolayer of MPTMS on glass, with a dense surface of reactive thiol groups.
44

 As 

a result, thiolate-Au bonding allows self-assembled monolayers of AuNS on such slides to be obtained in 

a straightforward manner, simply through incubating the slides with the desired AuNS colloidal solution.  

The extinction spectra of AuNS substrates were directly recorded using dry slides (Figure 3g). For both 

types of AuNS, a LSPR blue shift was observed when the particles were transferred from colloidal 

solutions to monolayers. For S-AuNS, this shift was 58 nm on average, which is close to the blue shift of 

about 50 nm reported in other studies when monolayers of AuNS were grafted on glass slides.
52, 57

 This 

shift could be due to the change in the AuNS local refractive index (n), following the change of medium 

from water (n = 1.333) to air (n = 1.0003).
58

 In fact, previous investigation of this effect by grafting AuNS 

on the internal wall of a glass cuvette and recording the extinction spectra using solvents of different n, 

showed a λ shift of 120 nm per refractive index unit.
57

 For L-AuNS, the blue shift was more pronounced; 

similarly, another report showed that, the longer the wavelength of the colloidal AuNS LSPR peak 
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position, the larger the magnitude of the shift for the AuNS monolayers.
57

 Moreover, for L-AuNS 

substrates, the LSPR peak became significantly more broadened, which could be correlated with the 

higher variability in interparticle distance observed for these substrates (Figure 3d). A recent work using 

electromagnetic computation techniques to produce predictive simulations for nanoparticle-based 

substrates, showed that aggregation of AuNS (20 nm core with 10 branches 15.5 nm long) in dimers and 

monolayers, produced widened spectral features, an increase in the magnitude of extinction, but also a 

slight red-shift of their extinction maximum.
59

   

 

AuNS Substrates Afford Significant NIR Fluorescence Enhancement 

The applicability of the AuNS substrates as effective MEF platforms was first investigated in the NIR 

region, using two commercially available NIR dyes, AlexaFluor
®
 750 (AF750, Abs 749 nm/Em 775 nm) 

and AlexaFluor
®
 790 (AF790, Abs 782 nm/Em 805 nm). Fluorescence enhancement was tested by 

immobilizing streptavidin–functionalized AlexaFluor
®
 dye monolayers on the AuNS substrates and on 

bare glass substrates, as a control (Figure 1b, iii-iv). AlexaFluor
® 

dyes were selected because they are 

more hydrophilic, photostable and bright, but less pH-sensitive, compared to other commercially 

available dyes with similar spectral properties. These features make them more suitable for biosensing 

applications, as well as for cell and tissue labelling.
60

 Two different fluorophores were used in order to 

provide different degrees of spectral overlap with the LSPR properties of the AuNS (Figure 3g). 

Furthermore, the fluorophores represent different emission efficiencies, with quantum yields of 12% and 

4% for AF750 and AF790, respectively.
32, 61

  

As we have previously shown, biotin-labelled bovine serum albumin (bBSA) can act as an effective 

spacer between nanostructured surfaces and fluorophores.
32

 bBSA is known to bind to both glass and Au 

surfaces; on glass, through non-covalent physisorption, while on Au surfaces, through coordinative 

interaction between gold and the bBSA thiol groups.
54-56

 When AuNS substrates were coated with bBSA 

monolayers, their LSPR peak positions were red-shifted by about 6-9 nm, due to the higher refractive 

index of bBSA compared to air (Figure S4, Supporting Information). Similarly, a previous report showed 
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that the LSPR peak position of gold nanoring arrays moved to longer wavelengths by around 5 nm 

following bBSA binding.
62

 Pre-coating the substrates with bBSA, allows binding to the streptavidin-

conjugated fluorophores through avidin-biotin interaction, which is very strong (Ka ≈ 10
15

 M
–1

), and leads 

to the formation of stable dye monolayers over the substrates.
32

 

bBSA provides a spacing of ~4-8 nm between the dye molecules and the Au surface, while the 

streptavidin attached to the dyes, provides an additional separation distance of ~4 nm, resulting to a total 

spacing of ~12 nm. Fluorescence enhancement, or quenching, is largely determined by the distance 

between fluorophores and metal surfaces.
63

 This is because the intensity of the electromagnetic field 

decreases with increasing distance from the metal surface, also reducing fluorescence enhancement. 

Numerous previous studies have been devoted to this distance-dependence of MEF. For instance, 

maximum fluorescence emission from PbS quantum dots coupled to AuNPs was obtained when the NPs 

were coated with a SiO2 spacer of 10 nm.
64

 Using Au nanorods, maximum fluorescence intensity from 

IRDye was observed with 17 nm spacers.
65

 On the other hand, non-radiative decay processes are inversely 

proportional to the third power of the metal–fluorophore distance, and consequently dominate at distances 

<4 nm, leading to fluorescence quenching.
66, 67

 In this study, using the streptavidin–biotin conjugate as a 

spacer, however, ensures a significantly larger spacing of ~12 nm, for which  significant non-radiative 

decay rates are not anticipated.
32

 

The averaged emission spectra of AF750 and AF790 bound to S-AuNS, L-AuNS or glass substrates, 

are shown in Figure 3. The averaged fluorescence enhancement factors (Ef) for each type of AuNS 

substrate were calculated using: 

 

 Ef=
EAu/dye-Eglass/bBSA

Eglass/dye-Eglass/bBSA
·

bBSAglass

bBSAAu
     (1) 

 

where EAu/dye and Eglass/dye is the fluorescence intensity of the fluorophore on AuNS and bare glass 

substrates, respectively, Eglass/bBSA is the background fluorescence of bBSA on bare glass substrates, 
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bBSAglass is the amount of bBSA bound on bare glass substrates and bBSAAu is the amount of bBSA 

bound on AuNS substrates. Since the adsorption efficiency of bBSA is different on glass compared to 

gold surfaces, the coverage of different types of substrates will vary. Quantification of the amount of 

bBSA adsorbed on each surface, and inclusion of the correction factor (bBSAglass/bBSAAu) allowed us to 

adjust the enhancement factors for these differences. The calculated averaged fluorescence enhancement 

factors (Ef), which are in effect the useful parameter for applications such as biosensing, are summarized 

in Table 2.  

As shown in Table 2, all the fluorophores exhibited significantly enhanced fluorescence, of up to 320 

times, on AuNS substrates. MEF is an intricate coupling process between fluorescent molecules and metal 

nanostructures, which can occur via: (i) excitation enhancement, whereby local enhancements of the 

electric field induced by the LSPR of metal nanoparticles, can result to higher excitation rates of the 

fluorophores, or (ii) emission enhancement, which refers to the modification of radiative and non-

radiative decay rates of nearby fluorophores by metal nanoparticles, leading to a change in their lifetime 

and quantum yield.
32, 63

 Several parameters may influence the fluorescence enhancement factors of metal 

nanoparticles, including particle size, shape, interparticle separation, the surrounding dielectric medium, 

as well as the particle arrangement geometry and the separation distance with fluorophores.
35, 63, 66

 

Another critical factor determining the magnitude of MEF, is the spectral overlap of the LSPR of metal 

nanoparticles with the spectral properties of the fluorophore. 

In the present work, the highest fluorescence enhancement was measured for AF750 on L-AuNS 

substrates, resulting to more than two orders of magnitude higher fluorescence compared to bare glass. 

The enhancement factors were higher for AF750 than AF790, on both types of AuNS substrates, which 

may be attributed to the localization of the excitation/emission properties of AF750 in closer proximity to 

the LSPR of the substrates. For both fluorophores used, fluorescence enhancement was significantly 

larger with L-AuNS substrates, compared to S-AuNS substrates. On the one hand, this observation may 

be due to the higher degree of spectral overlap between the LSPR of the L-AuNS substrates with the PL 

excitation and emission spectra of the AF dyes (Figure 2g), which is crucial to obtaining the maximum 
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fluorescence enhancement. On the other hand, these findings may imply higher enhancement of the local 

electromagnetic fields by L-AuNS, leading to an increased excitation rate of the fluorophores. For AuNS, 

electric field enhancement is localized at the tip of their branches,
68, 69

 and has been shown to depend on 

the morphology of the spikes, with sharper tips producing larger enhancements.
70

 In sensing applications, 

the ability to predict and adjust the enhancement factor of plasmonic substrates is crucial for optimizing 

the quantitative detection of different analytes in their respective concentration ranges, by tuning the 

sensitivity and dynamic range of the array. Therefore, AuNS, which can be fabricated with tunable 

morphologies and optical properties, consequently providing tailored enhancement factors, may be a 

significant step forward in the application of MEF in biomedical applications. To provide further insights 

into the mechanism of fluorescence enhancement from AuNS, we proceeded to perform fluorescence 

lifetime measurements and electric field modelling. 

 

Exploring the Origins of NIR-MEF from AuNS Substrates 

The fluorescence decay curves of AF750 and AF790 on the two types of AuNS substrates, and control 

bare glass substrates, are shown in Figure 4. Fluorescence lifetime data can be evaluated using a single 

exponential (SE) model, suitable for single fluorophores in homogeneous environments, or a 

multiexponential (ME) model, which describes the fractional contribution of decay times from different 

components in a sample mixture.
71

 Here, satisfactory fitting of our data required a model with three decay 

times, τ1, τ2 and τ3, from which the average decay time was calculated using the weighting a1, a2 and a3 for 

each of the decay components: 

 

���� = ���
	



�� + ���
	



�� + ���
	



��  (2) 

 

The results of this fitting are summarized in Table 3. The goodness of fit parameter (��
�) was obtained 

by fitting experimentally measured parameters to calculated values, through a nonlinear least-squares 
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deconvolution process.
71

 The average fluorescence lifetimes (τ) of AF750 and AF790 monolayers on 

glass, were found to be 0.72 ns and 0.55 ns, respectively, in accordance to the values provided by the 

manufacturer and measured in our previous work,
32, 61

 and were reduced for both fluorophores, on both 

types of AuNS substrates tested.  

Much of the recent literature in fluorescence has established a widely accepted semi-empirical model 

for the plasmonic enhancement effects associated with fluorophores.
72

 For isolated fluorophores, in the 

absence of metal nanoparticles or any quenching interactions, their emission can be described in terms of 

their quantum yield (Q0) and lifetime (τ0). Q0 is defined as the ratio of radiative relaxation rate (Γ0) to the 

total relaxation rate (Γ0+knr), where knr is the non-radiative decay rate: 

 

�� =
��

������
  (3) 

 

The lifetime is given by the inverse of the total decay rate: 

 

�� =
�

������
  (4) 

 

For fluorophores close to metal nanoparticles, enhancement of the near field can increase the energy 

absorbed by the fluorophore. Additionally, electromagnetic coupling between the fluorophore and the 

LSPR of the nanoparticles, increases the radiative decay rate of the fluorophore by a rate Γm. Therefore, 

the modified quantum yield (Qm) and lifetime (τm) are: 

 

�� =
�����

��������, !"����
  (5) 

 

�� =
�

��������, !"����
  (6) 
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Γm,abs is the additional non-radiative decay rate, whose effectiveness falls off rapidly with separation 

distance, and thus the modified quantum yield tends back to its original value at far enough separation. As 

the separation distance becomes very small (<5 nm), the fluorophore is quenched by the metal 

nanoparticle, until complete quenching occurs. In our experiments, the spacing between fluorophores and 

AuNS provided by the streptavidin–biotin conjugate (~12 nm), prevents a significant increase in the non-

radiative decay rate. Therefore, the non-radiative decay rates for AF750 and AF790 on both glass and 

AuNS substrates can be considered equal, meaning that the term Γm,abs can be neglected. 

Using the measured fluorescence lifetimes of AF750 and AF790 on glass, the unmodified quantum 

yields of AF750 (12%) and AF790 (4%),
32, 61

 and equations (3)-(6), we calculated the modified quantum 

yield for each AuNS substrate, and thus the emission enhancement factor, defined as #$� = ��/��. The 

excitation enhancement factor was then calculated using: #$& = #'/#$�. The excitation (Eex) and 

emission (Eem) enhancement factors for each substrate are shown in Table 4. 

The results of the fluorescence lifetime study, show that for each fluorophore, the lifetime followed a 

reverse trend with the total fluorescence enhancement factor, with shorter lifetimes correlating to higher 

enhancement factors. The radiative decay rates of both fluorophores increased on AuNS substrates, with a 

resulting increase to the fluorophores’ quantum yields. However, significantly higher increases to the 

quantum yield were observed for AF790, which had a lower unmodified quantum yield, compared to 

AF750. The high quantum yield of 74% measured for AF790 on L-AuNS substrates shows that AuNS 

can be used as plasmonic enhancement platforms that increase the brightness of NIR dyes to levels 

comparable to those of visible dyes.  

As shown in Table 4, it was possible to semi-quantitatively to deconvolute excitation enhancement 

from emission enhancement, the two main mechanisms for the observed fluorescence enhancement. The 

observed emission enhancement indicates that both fluorophores coupled to the LSPR generated by the 

AuNS. Interestingly, for each dye, the extent of emission enhancement was similar for both types of 

AuNS substrates. However, for both dyes, excitation enhancement was significantly higher with L-AuNS 
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compared to S-AuNS. Since excitation enhancement is related to the electric field experienced by the 

fluorophore, this observation implies that the electromagnetic field enhancement in L-AuNS substrates is 

much larger than S-AuNS.   

To provide further insights, 3D finite-difference time-domain (FDTD) modelling was carried out to 

simulate the electric field enhancement at the excitation wavelength of 790 nm (Figure 6).  The simulated 

field distribution around L-AuNS indicates drastically enhanced local field intensities compared to those 

of S-AuNS, in agreement with our experimental observations. More importantly, although our 

fluorescence measurements were averaged over comparatively large surface areas, significant excitation 

enhancement actually occurs at the tip regions of AuNS with strong electric near fields, which tend to be 

strongly confined, as shown in Figure 6.  In summary, our experimental data together with the 

simulations, demonstrate that L-AuNS provide strong field enhancement that is significantly larger than 

that of S-AuNS. Similar to our findings, previous work revealed that for AuNS, the hot spots were 

localized around the sharp edges of the spikes, and provided large field enhancements.
68, 69

 Electric field 

enhancement in AuNS have been attributed to both plasmonic contributions and the lightning rod effect.
73

 

Consequently, AuNS with sharper spikes produce larger enhancements.
70

 In addition, electric field 

enhancements have been shown to grow with increasing number of branches.
69

 In arrays of nanoparticles, 

E-field enhancements are also known to highly depend on gap size, with narrower gap sizes leading to 

plasmon coupling and significantly enhancing the field close to the metal nanoparticle.
67

 For AuNS 

assemblies on glass substrates, the field enhancement from AuNS-AuNS coupling has previously been 

shown to decrease exponentially with increasing interparticle distance, as is typically observed for near-

field interactions in nanoparticle assemblies.
74

  

In summary, our analysis suggests that tuning the total fluorescent enhancement essentially depends on 

controlling the excitation enhancement, and illustrates the significant impact of nanotopography on 

fluorescence enhancement. Our findings clearly demonstrate that AuNS substrates are effective MEF 

platforms for the enhancement of light from NIR dyes, leading to brightness comparable to that of visible 

dyes. 
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AuNS Substrates Allow Fluorescence Enhancement in the NIR-II Region 

Finally, the potential to use AuNS to enhance fluorescence in the NIR-II wavelength range was tested 

using Ag2S QDs. Detection in this NIR-II window is particularly intriguing, because of its non-invasive 

character for living tissues, reduced autofluorescence and deep tissue penetration.
1
 Ag2S QDs were 

selected as the NIR-II fluorophore to test because, among the limited number of probes reported to date, 

these benefit from high biocompatibility and tunability of their emission to discrete wavelengths.
38, 75

 

However, their low fluorescence quantum yield (<10%), limits their exploitation in imaging applications. 

The Ag2S QDs (4.1 nm in diameter) were synthesized in-house, had no discrete absorption features, and a 

fluorescence emission peak at 1200 nm (Figure 3g), as previously described in detail.
38

 The Ag2S QDs 

were functionalized with streptavidin, allowing QD monolayers on the AuNS substrates to be formed in 

an identical manner as the organic NIR fluorophores. The fluorescence emission spectra of Ag2S QD 

monolayers on S- and L-AuNS substrates, as well as bBSA-coated glass slides for background control, 

are shown in Figure 7. The Ag2S QDs exhibited enhanced fluorescence on both types of AuNS substrates, 

and the averaged fluorescence enhancement factors, shown in Table 2, were calculated using Equation 

(1). The higher enhancement factor measured for L-AuNS compared to S-AuNS, may be in part due to 

the much better degree of spectral overlap between the LSPR of L-AuNS with the emission spectra of the 

QDs, which is a critical factor for the magnitude of fluorescence enhancement. The considerable 

fluorescent enhancement of up to 46 times measured, shows that AuNS can also be applied for the 

enhancement of light from NIR-II dyes. These findings are promising for the development of bright 

probes for bioimaging in the NIR-II window, with significantly improved detection sensitivity and 

contrast enhancement.  

 

Conclusions 

In summary, the present work shows that AuNS arrays are effective MEF platforms in the NIR and 

NIR-II regions. In the NIR, significant fluorescence enhancement of up to 320 times is demonstrated, 
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confirming that AuNS arrays are promising NIR-MEF platforms for the development of ultrasensitive 

biosensing applications, able to detect ultralow concentrations of analytes. Fluorescence lifetime 

measurements indicate that a combination of enhanced excitation and an increased radiative decay rate, 

resulting to an enhancement of the quantum yield, contribute to the large enhancement. Our findings also 

suggest that particle morphology may largely affect the magnitude of electromagnetic field enhancement, 

and ultimately the total enhancement factor. Finally, MEF in the NIR-II region using AuNS is 

demonstrated, with enhancement factors of up to 50 times, paving the way for the development of bright 

probes for NIR-II bioimaging.   
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Figure 1. (a) Substrates based on spiky gold nanostars (AuNS) are efficient platforms for metal enhanced 

fluorescence (MEF) in the near-infrared (NIR) and second near-infrared (NIR-II) regions, allowing up to 

two orders of magnitude fluorescence enhancement. The enhancement factors can be tuned through 

control of the nanostar morphology.   (b) Schematic workflow of MEF on AuNS substrates:  glass slides 

are coated with mercaptopropyl-trimethoxysilane (MPTMS; i) and used for the fabrication of AuNS 

monolayers through thiolate-gold coordinative bonding (ii). Deposition of a self-assembled monolayer of 

biotinylated bovine serum albumin (bBSA; iii) allows immobilization of fluorophore monolayers onto the 

substrates (iv), through biotin–avidin interaction with the streptavidin-functionalized fluorophores. 
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Figure 2. (a-f) Transmission electron microscopy (TEM) images of 15 nm (AuNP15; a; σ = 3 nm) and 50 

nm (AuNP15; d; σ = 13 nm) citrate-stabilized gold nanoparticles (AuNPs), used for the surfactant-free 

seed-mediated synthesis of “small” (S-AuNS; b, c) and “large” (L-AuNS; e, f) gold nanostars (AuNS). (g, 

h) Normalized extinction spectra of AuNP seeds and the corresponding AuNS. 

 

 

Figure 3. Low magnification (a, d) and high magnification (b, e) scanning electron microscopy (SEM) 

images, and photographs (c, f) of substrates fabricated through the self-assembly of S-AuNS (a-c) and L-

AuNS (d-f) on MPTMS-coated glass slides. (g) Normalized extinction spectra of the S- and L-AuNS 

substrates. The dashed straight lines represent the excitation maxima of Alexa Fluor
®
 750 (AF750) and 

Alexa Fluor
® 

790 (AF790), while the solid straight lines signify the emission maxima of AF750, AF790 

and silver sulfide quantum dots (Ag2S QDs). 
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Figure 4. Photoluminescence (PL) emission spectra of monolayers of streptavidin-conjugated AF750 (a) 

and AF790 (b), formed on biotinylated bovine serum albumin (bBSA)-coated glass slides and S- or L-

AuNS substrates. The insets show the PL emission of AF750 and AF790 on bBSA-coated glass compared 

to bare (i.e. with no fluorophore) bBSA-coated glass slides, used for background correction. 

 

Figure 5. Fluorescence lifetime spectra of streptavidin-conjugated AF750 (a) and AF790 (b) monolayers, 

immobilized on S- and L-AuNS substrates, and on glass surfaces as a control. 
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Figure 6: E-field enhancement calculated with 3D finite-difference time-domain (FDTD) modelling for 

S-AuNS (a) and L-AuNS (b). The figure indicates a cross-sectional E-field mapping through the center of 

gold nanostars with a 790 nm incident wave, of which (, the incident wave vector, is perpendicular to the 

plotting plane and E is the  electric field polarization in the simulation. 

 

 

Figure 7. PL emission spectra of monolayers of streptavidin-conjugated Ag2S QDs formed on bBSA-

coated glass slides and S- or L-AuNS substrates. Bare (i.e. with no fluorophore) bBSA-coated glass slides 

were used for background correction. 
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Table 1. Morphological characteristics and extinction peak positions of S-AuNS and L-AuNS obtained 

through seed-mediated synthesis.  

 
Number 

of spikes 
Size (nm) 

Core Size 

(nm) 

Spike length 

(nm) 

Spike width 

(nm) 

Spike Aspect 

Ratio 
λmax (nm) 

S-AuNS 8-16 47 ± 17 27 ± 7 10 ± 6 7 ± 3 1.4 718 nm 

L-AuNS 14-26 214 ± 90 132 ± 34 60 ± 52 13 ± 12 4.6 1015 nm 

 

Table 2. Average fluorescence enhancement factors (Ef) for monolayers of streptavidin-conjugated 

AF750, AF790 and Ag2S QDs, immobilized on S- and L-AuNS substrates.  

Fluorophore Substrate Enhancement Factor (Ef) 

AF750 S-AuNS 40 

 L-AuNS 321 

AF790 S-AuNS 20 

 L-AuNS 195 

Ag2S QDs S-AuNS 5 

 L-AuNS 46 

 

Table 3. Multi-exponential analysis of intensity decay of AF750 and AF790 monolayers on glass 

substrates and S- or L-AuNS substrates, showing the weighting fractions (a1, a2, a3), the observed 

lifetimes (τ1, τ2 and τ3), the intensity-weighted lifetime (τ), and the goodness of fit parameter (��
�) . 

Fluorophore Substrate a1 a2 a3 τ1 (ns) τ2 (ns) τ3 (ns) τ (ns) ��
� 

AF750 Glass 85.9% 14.1% - 0.55 1.8 - 0.72 1.300 

 S-AuNS 60.2% 28.3% 11.5% 0.34 0.53 2.4 0.63 1.754 

 L-AuNS 47.3% 45.1% 7.6% 0.16 0.49 2.9 0.52 1.657 

AF790 Glass 60.7% 39.3% - 0.31 0.92 - 0.55 1.577 

 S-AuNS 95.0% 3.2% 1.9% 0.03 0.64 7.3 0.18 1.715 

 L-AuNS 93.6% 5.1% 1.4% 0.02 0.63 6.6 0.15 1.859 
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Table 4: Calculated values of modified quantum yield (Qm), total enhancement factor (Ef), emission 

enhancement factor (Eem) and excitation enhancement factor (Eex) of AF750 (Em 775 nm) and AF790 

(Em 805 nm) on S- and L-AuNS substrates. 

Fluorophore Substrate Qm Ef Eem Eex 

AF750 S-AuNS 0.23 40 1.9 20.9 

 L-AuNS 0.36 321 3.0 107.0 

AF790 S-AuNS 0.68 20 17.0 1.1 

 L-AuNS 0.74 195 18.6 10.5 
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