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Abstract

We present fluoroimmunoassays on plain metal-coated surfaces (metal mirrors) enhanced by metal 

nanoparticles (silver island films [SIFs]). Metal mirrors (aluminum, gold, or silver protected with a 

thin silica layer) were coated with SIFs, and an immunoassay (model assay for rabbit 

immunoglobulin G or myoglobin immunoassay) was performed on this surface using fluorescently 

labeled antibodies. Our results showed that SIFs alone (on glass surface not coated with metal) 

enhance the immunoassay signal approximately 3- to 10-fold. Using a metal mirror instead of 

glass as support for SIFs results in up to 50-fold signal enhancement.
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The interaction of light with small, sub-wavelength-size silver particles results in a 

significant enhancement of the local electromagnetic field. A recent example of this is 

surface-enhanced Raman spectroscopy [1–3], where enhanced local field effects have 

resulted in detection of signal from single molecules [4,5].

In the work presented here, fluorophore molecules located near the silver nanoparticles are 

exposed to the enhanced local field and are strongly excited. In addition, the excited 

*Corresponding author. ematveev@hsc.unt.edu (E.G. Matveeva). 

HHS Public Access
Author manuscript
Anal Biochem. Author manuscript; available in PMC 2019 October 25.

Published in final edited form as:
Anal Biochem. 2007 April 15; 363(2): 239–245. doi:10.1016/j.ab.2007.01.030.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fluorophores interact with the silver nanoparticles (with localized surface plasmons), 

resulting in more effective radiation of the excitation energy (fluorescence). This effect is 

known as radiative decay engineering [6–11]. In general, the fluorescence intensity increase 

due to the presence of silver nanoparticles can be described as

G GexGqy,

(1)

where Gex describes higher excitation rate due to enhanced local field and Gqy = Qm/Q0 is 

the increase in quantum yield of fluorophore near silver island films (SIFs). The contribution 

of the emission efficiency (increase of the quantum yield) to the total brightness depends on 

the original quantum yield. It is only approximately 2-fold for the fluorophore with 0.5 

quantum yield because the quantum yield cannot exceed 1.0. However, the decrease of the 

observed lifetime can be significant. For the very high values of the radiative rate, the 

quantum efficiency approaches 1 and the lifetime is close to zero. The contribution of the 

enhanced local field to the total brightness can be higher. For example, if the total brightness 

increases 30-fold, the contribution of the enhanced local field will be responsible for more 

than 15-fold. At small separation distances of 50 Å or less, fluorophores are strongly 

quenched by metals.

The effects of silvered nanostructured surfaces on fluorescence from deposited dyes have 

been studied for a number of years. Various groups have used different methods for metallic 

surface preparation [12–17] with improvement in the fluorescence brightness up to 

approximately 20-fold. SIFs and deposited colloids have been used mostly because of ease 

of preparation procedure and effectiveness. From fluorophores-to-nanostructure distance 

studies [14,18], it is known that the strongest enhancement occurs at a distance of 

approximately 100 Å. Surfaces prepared from silver colloids of different size have been 

tested [19], with the conclusion that the best enhancement is observed for particle clusters. 

Selective location of the fluorophores on the silver islands gives only a modest improvement 

in enhancement [20]. Recently reported enhancements from periodic surfaces prepared by 

electron beam lithography also gave results similar to those obtained on SIFs [21].

Here we present an alternative approach in this quest for strongest fluorescence 

enhancement. Inspired by reports from the Hayashi group on the effects of metallic particles 

on the surface plasmon excitation [22,23] and amplification of surface plasmon resonance 

(SPR) with metallic colloids, as reported by Natan and Lyon [24], as well as earlier work by 

Aussenegg and coworkers on thin film sensors [25], we studied fluorescence brightness 

enhancements on SIFs deposited on metallic semitransparent mirrors. We wondered whether 

highly localized gap modes, observed in SPR experiments in the presence of metallic 

colloids, will influence the free space brightness of deposited fluorophores.

In this article, we compare the fluorescence brightness observed on bare glass, metallic 

mirrors, SIFs deposited on glass, and SIFs deposited on metallic mirrors. Two protein 
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systems have been deposited on the surfaces: a model immunoassay with AlexaFluor 555 

and a myoglobin immunoassay with AlexaFluor 647.

Materials and methods

Reagents

Rabbit and goat immunoglobulin G (IgG, 95% pure) were obtained from Sigma (USA). 

AlexaFluor 647-labeled anti-rabbit IgG conjugate and AlexaFluor 555-labeled anti-rabbit 

IgG conjugate were obtained from Molecular Probes (USA). Buffer components and salts 

(e.g., bovine serum albumin, glucose, sucrose, AgNO3) were obtained from Sigma–Aldrich 

(USA). Myoglobin (recombinant) and monoclonal anti-myoglobin (anti-Myo) antibodies 

(capture anti-Myo antibodies clone 2 mb-295 and reporter anti-Myo antibodies clone 9 

mb-183r) were obtained from Spectral Diagnostics (Canada). Microscope glass slides (3 

inches × 1 inch, 1 mm thick) were obtained from VWR Scientific Products (USA). Metal 

mirror layer was deposited onto glass microscope slides by EMF (USA). Slides were vapor 

deposited with continuous 2-nm thick chromium, 48-nm thick gold, and 10-nm thick SiO2 

layers; 50-nm thick silver and 5-nm thick SiO2 layers; or 50-nm thick aluminum and 5-nm 

thick SiO2 layers. Milli-Q purified water was used for all aqueous solutions.

Preparation of mirrors coated with SIFs

For coating with SIFs, we used glass slides coated with a mirror (plain metal layer: 48-nm 

thick gold, 50-nm thick silver, or 50-nm thick aluminum) and noncoated glass slides as a 

control. SIF surface was formed according to the procedure described elsewhere [7,26,27]. 

Briefly, half of the surface of each slide was modified by depositing SIF by chemical 

reduction of silver nitrate by a wet chemical process using D(+)glucose. The other half was 

left unmodified and used as a control.

Model immunoassays

Slides were dried in air and covered with tape containing punched holes (regular-size 6-mm 

diameter hole puncher) to form wells on the surface of the slides. Model immunoassays 

were performed on the slide surface in the wells as described previously [26]. Briefly, rabbit 

IgG was noncovalently immobilized on the sample slide, or goat IgG was noncovalently 

immobilized on the control slide (slides first were dried with air and covered with tape 

containing punched holes to form wells). Then AlexaFluor 555-labeled anti-rabbit IgG 

conjugate was added to the sample slide (with rabbit IgG) or control slide (with goat IgG), 

and after incubation the fluorescence signal was measured (Fig. 1). A scheme of the model 

immunoassay is presented in Fig. 2A.

Myoglobin immunoassays

Myoglobin immunoassays were performed in a “sandwich” format (Fig. 2B) as described 

previously [27]. Briefly, slides (covered with the tape containing punched holes) were 

noncovalently coated with capture anti-Myo antibody. Then myoglobin antigen (Myo) was 

added at various concentrations, and after incubation and washing a conjugate of the reporter 

anti-Myo antibody with AlexaFluor 647 was added, followed by incubation and 
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fluorescence signal measurement. A scheme of the Myo immunoassay is presented in Fig. 

2B.

Spectroscopic measurements

Emission spectra in solution were measured using a Varian Cary Eclipse fluorometer (Varian 

Analytical Instruments, USA). Absorption spectra in solution and on the surface of the slides 

were measured using a Hewlett–Packard model 8543 spectrophotometer (USA). 

Fluorescence measurements of the samples on glass slides were performed by placing the 

slides horizontally on a stage, with excitation at approximately a 45° angle and fluorescence 

detection from the top of the slide as shown in Fig. 1. For excitation, we used a small solid-

state laser with emission at 532 nm (AlexaFluor 555 or AlexaFluor 647 labels) or a 651-nm 

emission (AlexaFluor 647 label) laser diode (commercial laser pointer). Emission spectra 

were collected via a fiber-optic from the top using a Fiber Optics Spectrometer (SD2000, 

Ocean Optics, USA). For observation, we used appropriate plastic cutoff filters to attenuate 

excitation lines.

Atomic force microscopy (AFM) images were collected by scanning dry sample slides with 

an atomic force microscope (TMX 2100 Explorer SPM, Veeco, USA), equipped with an 

AFM dry scanner, over 100 μm. The AFM scanner was calibrated using a standard 

calibration grid and 100-nm diameter gold nanoparticles from Ted Pella. Images were 

analyzed using SPMLab software.

Results and discussion

Model immunoassay

We performed the model immunoassay (Fig. 2A, AlexaFluor 555 label) on different 

substrates (Fig. 3)—gold mirror, silver mirror, and aluminum mirror—as well as on glass 

only (no metal mirror). Each of these surfaces was either coated or not coated with SIFs. The 

bare glass substrate served as a reference, and fluorescence signals were referred to the 

signal obtained from the glass. Then we checked the spectra and backgrounds. Fig. 4 shows 

the fluorescence spectra of AlexaFluor 555-labeled antibody on the glass and SIF-coated 

silver, gold, and aluminum mirrors. Spectra were taken after 1 h of incubation of the solution 

of the labeled antibodies on the antigen-coated surface (and subsequent washing). Our 

additional experiments on kinetics of binding (not shown) demonstrated that this time period 

is enough to reach the binding equilibrium (~95% binding occurs within the first 15 min). 

We also found that no dissociation of antibodies occurs for at least several days during 

incubation of the sample with buffer (data not shown). Background signals (not shown) were 

calculated from fluorescence spectra intensity measurements taken at the same conditions 

but using the control antigen (goat IgG instead of rabbit IgG). These results reflect the level 

of nonspecific binding and showed a contribution of 3% or less for all samples.

Fluorescence measurements for each surface were repeated four to six times on different 

spots (from two or three slides), and the signals were averaged. The results and standard 

deviations are presented in Table 1. The mirrors without SIFs, as expected, did not enhance 

fluorescence signals significantly. The fluorescence signals from the immunoassay system 
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on mirrors are approximately twice as strong as those measured from bare glass, a result that 

can be easily explained by the theory of fluorescence emission near the mirror surfaces [28–

34].

The fluorescence signal from SIFs deposited on glass shows an enhancement (the ratio of 

the peak signal on the SIFs/glass to the peak signal on the bare glass) of 9 to 10. 

Approximately one order of magnitude fluorescence enhancements have been reported 

frequently by various groups. This result is consistent with our previous data [26] and 

demonstrates that the SIFs and assay have been prepared accurately. Similarly, SIFs were 

prepared on silver and gold mirrors, and the same model immunoassay has been performed 

on each slide. In this case, the enhancement of fluorescence signal is much higher 

(~fivefold) for SIFs deposited on metallic mirrors (Table 1) than for SIFs deposited on bare 

glass. We consider this to be a significant improvement in metal-enhanced fluorescence that 

will allow detection of lower analyte concentrations.

AFM images of the SIF-coated slides are shown in Fig. 5 for the bare glass substrate (top) 

and gold mirror (bottom). The sizes and densities of the SIFs are similar independent of the 

substrate. However, sizes and densities vary widely for the same substrate from sample to 

sample due to manual sample preparation. According to AFM data, the heights of the SIF 

particles vary from 50 to 150 nm, with an average height of approximately 70 nm. We 

believe that variations in the fluorescence signal can be partially explained by such 

inhomogeneity of the particles and can be minimized by improving the method of SIF 

coating.

Myoglobin immunoassay

We applied the combination of SIFs–metallic mirror substrate to the myoglobin 

immunoassay using an AlexaFluor 647 label. The fluorescence spectra from the 

immunoassay performed on bare glass, on SIFs deposited on the bare glass, and on SIFs 

deposited on the gold mirror are shown in Fig. 6. Similar to the model assay, spectra were 

taken after 1 h of incubation of the labeled antibodies on the antigen-coated surface (and 

subsequent washing) to reach the binding equilibrium (~95% binding occurs within the first 

10–12 min). No dissociation of antibodies occurred for at least several days during 

incubation of the sample with buffer (data not shown). The signal was linear versus bulk 

myoglobin concentration within the range of 0 to 300–400 ng/ml (SIF-coated glass [data not 

shown]), so we chose the myoglobin concentration of 100 ng/ml (which is within the linear 

range and represents the clinical cutoff) for evaluation of the metal mirror effect. The 

fluorescence intensity from the SIFs–gold mirror system is approximately 8-fold stronger 

than that from the SIFs–glass system and approximately 50-fold stronger than that from bare 

glass (Table 1 and Fig. 6). Higher brightness of the dye allows the detection of a lower 

concentration of myoglobin on SIF-coated mirrors when compared with the noncoated glass 

surface. It should be noted that the method described is generic and applicable to other 

markers.
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Conclusions

In this work, we presented results showing the high potential of a metal mirror surface 

modified with SIFs for developing a universal platform for any surface assays by detecting 

the enhanced fluorescence signal. The results for myoglobin immunoassay and for model 

immunoassay show that using a mirror layer in combination with SIFs gives approximately 

50-fold enhancement compared with approximately 10-fold enhancement when using SIFs 

without a mirror layer compared with a plain glass substrate.

As outlined in the introductory paragraphs, the enhanced localized electric field associated 

with small plasmon resonances on metallic nanostructures has been shown to increase the 

fluorescence lifetime of a fluorophore, resulting in an increased radiative output [6–11]. The 

system of interest in this work, however, is the extension of the nanoparticle (SIF) 

supporting glass substrate to one with an underlying metal mirror layer. It has been shown 

experimentally [35] that systems consisting of nanoparticles with an underlying layer that 

supports a propagating mode, such as a surface plasmon supporting metallic layer, 

demonstrate a significant increase in the radiative scattering efficiency when compared with 

systems where the propagating mode is absent. This increase in radiative scattering 

efficiency has been attributed to an increase in the dipole–dipole coupling between the 

localized surface plasmons on the individual nanostructures, mediated by the propagating 

plasmon mode. The new system studied here takes advantage of not only the increase in 

fluorescent quantum efficiency associated with the enhanced local fields around the SIF 

nanostructures but also the highly efficient radiative properties of the combined 

nanoparticle–surface plasmon system. These effects in combination have resulted in the 

dramatic enhancement in the fluorescence emission from the model and myoglobin 

immunoassays performed.
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Fig. 1. 
Experimental setup. The excitation beam (front face) was directed to the slide mounted on 

the holder movable in the x–y direction, forming an approximately 45° angle with the 

vertical. Such a configuration allowed easy changes of the slide spot position. The slide was 

covered with black tape containing holes (12 holes/slide) forming sample wells, similar to a 

96-well assay plate. Half of each slide was coated with SIFs (6 wells/slide [SIF coating not 

shown]). Detection was performed from the top, from the surface inside wells of the slide, 

by the fiber equipped with the cutoff filter.
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Fig. 2. 
Scheme of the model immunoassay (A) and myoglobin (sandwich format) immunoassay (B) 

on the SIF-modified slide surface. Ab, antibody.
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Fig. 3. 
Scheme of various slide supports used for immunoassay: (A) glass only; (B) glass covered 

with gold (Au) mirror (48 nm thick) and protecting silica layer (5 nm thick); (C) glass 

covered with silver (Ag) mirror (50 nm thick) and protecting silica layer (2 nm thick); (D) 

glass covered with aluminum (Al) mirror (50 nm thick) and protecting silica layer (2 nm 

thick).
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Fig. 4. 
Fluorescence spectra of the labeled (AlexaFluor 55) anti-rabbit antibodies bound to the 

antigen immobilized on various slide supports used for immunoassay: glass only, SIFs on 

aluminum mirror, SIFs on bare glass, SIFs on gold mirror, and SIFs on silver mirror.
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Fig. 5. 
AFM images of SIF-coated glass (top) and SIF-coated gold mirror (bottom) slides.
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Fig. 6. 
Fluorescence spectra of the labeled (AlexaFluor 647) reporter anti-Myo antibodies bound to 

the antigen (myoglobin at 100 ng/ml) immobilized by capture anti-Myo antibodies on 

various slide supports used for immunoassay: glass only, SIFs on bare glass, and SIFs on 

gold mirror.
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