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Abstract

High sensitivity detection of DNA is essential for genomics. The intrinsic fluorescence from DNA 

is very weak and almost all methods for detecting DNA rely on the use of extrinsic fluorescent 

probes. We show that the intrinsic emission from DNA can be enhanced many-fold by spatial 

proximity to silver island films. Silver islands are subwavelength size patches of metallic silver on 

an inert substrate. Time-resolved measurements show a decreased lifetime for the intrinsic DNA 

emission near the silver islands. These results of increased intensity and decreased lifetime 

indicate a metal-induced increase in the radiative rate decay of the DNA bases. The possibility of 

increased radiative decay rates for DNA bases and other fluorophores suggest a wide variety of 

DNA measurements and other biomedical assays based on metal-induced increases in the 

fluorescence quantum yield of weakly fluorescent substances.

Fluorescence detection is widely used in medical testing and DNA analysis. Extrinsic 

fluorophores are added covalently and noncovalently to allow DNA detection on gels (1–2), 

DNA sequencing (3–5), fluorescence in situ hybridization (6–7), and for reading of DNA 

arrays for gene expression (10–11). Extrinsic fluorophores are used because DNA absorbs in 

the UV near 260 nm. The short absorption wavelength is now less of an obstacle because 

UV solid state lasers have become available. However, the intrinsic fluorescence from DNA 

is of little practical usefulness because of the low quantum yields of 10−4 to 10−5 (12–13).

We now report an approach to obtaining usefully intense intrinsic emission from DNA. This 

method is general and can be applied to any fluorescent molecule, labeled biomolecule, or in 

biomedical assays, and is likely to be particularly useful with low quantum yield 

fluorophores. Our approach relies on a known, but little used, phenomena of the interactions 

of excited state fluorophores with metallic surfaces (14–17). Suppose a chromophore is 

nearly nonfluorescent, as is the case for DNA. The quantum yield (Q) and lifetime (τ) of a 

fluorophore are given by:

Q = Γ / Γ + knr [1]
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τ = 1/ Γ + knr , [2]

where Γ is the intrinsic radiative or emissive rate and knr represents all the other rate 

processes returning the molecule to the ground state without emission. The low quantum 

yield of DNA is the result of fast nonradiative decay rates which deplete the excited state 

prior to significant emission.

One way to increase the quantum yield of a molecule is to increase the radiative rate Γ. 

However, useful changes in Γ are not possible because this rate is determined by the 

strengths of the optical transitions, or equivalently the extinction coefficients (18). 

Alternatively, the quantum yield of some fluorophores can be increased by decreasing the 

value of knr, which is typically accomplished by low temperatures or by placement of the 

fluorophore in a more rigid environment.

It is known that the lifetimes of fluorophores are different when the molecules are within a 

few wavelengths of a plane silver mirror (19–20). These effects are modest and typically 

result in no more than 2-fold changes in the lifetime and quantum yield. However, there are 

more dramatic effects for fluorophores near metallic particles with subwavelength 

dimensions. Such particles result in amplification of the local electric fields which result in 

greater excitation of nearby fluorophores. While this effect results in more excitation, the 

quantum yield is not changed. However, a more important effect is also known to occur.

Metallic ellipsoids with dimensions near 50 × 100 A can increase the radiative decay rate of 

a fluorophore over 1000-fold (14). Suppose a fluorophore has a quantum yield of 0.001, 

which mean knr is 1000-fold greater than Γ (Eq. 1). Now assume the metal particles increase 

the radiative rate Γ by 1000-fold. In this case the quantum yield will be increased from 10−3 

to near 0.5. In fact, when using metallic particles to enhance fluorescence it can be 

advantageous to use low quantum yield fluorophores. Then only those fluorophores at the 

appropriate distance from the metal surface will fluoresce. In fact the lowest quantum yields 

may be preferable because the maximum increase in the quantum yield near a metal particle 

due to an increased radiative rate is 1/Q (17).

MATERIALS AND METHODS

Silver particles were prepared using silver nitrate (99+%), sodium hydroxide (pellets, 97%), 

ammonium hydroxide (NH3 content 28–30%), and D-glucose (99.5%) all purchased form 

Aldrich and used without further purification. Silver island films were prepared on quartz 

plates as described by (21). The quartz slides were soaked in a 10:1 (v/v) mixture of H2SO4 

(95–98%) and H2O2 (30%) overnight before deposition. They were washed with Millipore 

water and air-dried prior to use. Silver deposition was carried out in a clean 30-ml small 

beaker equipped with a Teflon-coated stir bar. To a rapidly stirred silver nitrate solution 

(0.22 g in 26 ml of Millipore water), eight drops of fresh 5% NaOH solution was added. 

Dark-brownish precipitates were formed immediately. Less than 1 ml of ammonium 

hydroxide was soon added drop by drop to redissolve the precipitates. Then, the clear 

solution was cooled down to 5°C in an ice bath, followed by soaking the cleaned and dried 
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quartz slides in the solution. At 5°C, a fresh solution of glucose (0.35 g in 4 ml of water) 

was added. The mixture was stirred for 2 min at that temperature. Subsequently, the beaker 

was removed from the ice bath and allowed to warm up to 30°C. As the color of the slides 

become greenish, the slides were removed and washed with Millipore water and sonicated in 

a bath sonication for 1 min at room temperature. After rinsing several times with water, the 

slides were stored in water for several hours prior to the experiments. Calf-thymus DNA was 

obtained from Sigma and dissolved in 50 mM Tris, pH 7. The DNA concentration was 5 

mM as base pairs. Emission spectra were measured on a SLM 8000 spectrofluorometer with 

287 nm excitation. Frequency-domain lifetime measurements were obtained on a 10 GHz 

instrument (22). The excitation source was a cavity-dumped rhodamine 6G dye laser 

providing approximately 100 ps pulses which were frequency-doubled at 287 nm. Intensity 

decays were measured through a combination 344 nm interference filter plus a WG 335 long 

pass filter, which provided transmission from about 330 to 355 nm. Emission spectra and 

lifetimes were measured with vertically polarized excitation and horizontally polarized 

emission. This optical configuration reduced scattered light of the excitation wavelength 

without significant distortion of the spectra or lifetimes. The frequency-domain data were fit 

to the multi-exponential model where the intensity decay is given by

I t = ∑
i

αiexp −t /τi , [3]

where αi are amplitude factors associated with each decay time τi. The sum of the αi values 

are normalized to unity, Σαi = 1.0.

RESULTS

We obtained suitable silver particles by chemical reduction of silver onto quartz microscopic 

slides (21). The mass thickness is restricted to near 40 A one obtain particles on the surface 

with subwavelength dimensions, as can be seen from the characteristic surface plasmon 

absorption spectrum which are close to the small wavelength limit (Fig. 1). The DNA 

samples were placed between two such silver islands plates with a separation near 1–1.5 μm. 

The absorption spectrum for DNA between the plates is approximately the sum of the DNA 

and silver island absorption (Fig. 2), which suggests that the islands did not significantly 

change the extinction coefficient of the DNA.

We examined the emission spectrum of DNA in a thin 0.1 mm cuvette and between the two 

island films (Fig. 3). Excitation of 287 nm probably resulted in partially selective excitation 

of the adenine and guanine residues (23–24). Remarkably, the emission is about 80-fold 

more intense near the metal islands. It is important to notice that this 80-fold increase is a 

considerable underestimate of the increase displayed by DNA near the particles. The region 

of enhancement is expected to extend about 200 A into the solution. Taking into account the 

two island film surfaces, only about 1/25 of the DNA is near the silver. This suggests that the 

emission of DNA near the silver is enhanced 2000-fold. This is near the maximum 

enhancement predicted for a molecule at the optimal distance from an ellipsoid of 

appropriate size and shape. Since the particle size and geometry is from an ideal, we suspect 

some of the enhanced emission is due to the amplified field effect described above. This 
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effect can result in a maximum of 140-fold enhancement (14), suggesting a minimum of a 

15-fold increase in the quantum yield of the DNA near the island films. It is unlikely that the 

filed enhancement is maximal. The actual increased quantum yield of DNA is probably 

greater than 15-fold and less than 2000-fold.

We used time-resolved measurements of the intrinsic DNA intensity decays to evaluate the 

reason for enhanced emission. One explanation of the increased intensity seen on Fig. 3 

could be a decrease in the nonradiative decay rate knr (Eq. 1), which would result in a longer 

lifetime (Eq. 1). Another reason for the increased emission could be an amplified incident 

light field. This effect would result in increased intensity, but the lifetime would be 

unchanged. Frequency-domain intensity decays are shown in Fig. 4. These measurements 

were used to reconstruct the more intuitive time-domain decays (Fig. 5). The decays are 

multiexponential in the absence or presence of metal islands (Table 1). The intensity decays 

were strongly heterogeneous or multiexponential, which can be seen from the range of decay 

time from 60 ps to 4.56 ns. The lifetimes of DNA are uncertain because of its weak intrinsic 

fluorescence. Such a wide range of lifetimes are in agreement with other published reports 

(25–27). The important conclusion from these experiments is that the mean lifetime (τ) of 

DNA decreased under the same conditions which we observed on 80-fold increase in 

intensity (Fig. 3). Such a decreased lifetime cannot be explained by a decrease in knr or 

increased rate of excitation. However, the decreased lifetime can be explained by an increase 

in the radiative decay rate.

Let Γm represent the rate of the radiative decay due to presence of the metal particles. This 

new rate changes the quantum in the presence of metal (m) to

Qm =
Γ + Γm

Γ + Γm + knr
[4]

which will be larger than in the presence of the metal. The lifetime in the presence of the 

metal (τm) will be decreased to

τm = 1
Γ + Γm + knr

. [5]

Hence an increase in the radiative decay rate of DNA by the metal can explain both the 

increased intensity and decreased lifetime in the presence of the silver islands. There is no 

quantitation agreement between the 80-fold increase in intensity and the 3-fold decrease in 

lifetime. There are numerous possible reasons, including different spatial averaging across 

the sample by the intensity and lifetime measurements. Nonetheless, the intrinsic DNA 

lifetime decreased while the intensity increased, demonstrating an increase in the rate of 

radiative decay.

These effects on fluorescence by metallic particles are reminiscent of surface-enhanced 

Raman spectroscopy (SERS) (28–29). The absorption of molecules into rough metallic 

surfaces results in many-fold increases in the Raman signals. The enhanced Raman signals 

are adequate even for biomedical applications of SERS (30–32). Additionally, it is now 

thought that the observed enhancements are due to a small subset of the particles which 
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display still stronger enhancements near 1015-fold (33–34). The SERS effect is thought to be 

due to both the mechanism described above for fluorescence, plus another less understood 

effect occurring upon molecular contact with the surfaces (15). The case of SERS molecules 

in contact with the metallic surface are thought to yield the strongest Raman signals. In the 

case of fluorescence, molecules in direct contact with the metal are thought to be quenched. 

Hence, the large enhancement found for SERS may not occur surface-enhanced 

fluorescence, but large effects by a subset of the silver particles can be anticipated due to the 

high electric fields existing between nearby metallic particles (35). We believe our results 

with DNA suggest the occurrence of increased radiative rates near metallic surfaces. Such 

effects are also likely to occur for a wide variety of natural and extrinsic fluorophores. It 

appears likely that the use of metallic particles or surfaces to enhance fluorescence, will 

evolve into a field analogous to SERS.

We refer to modification of the radiative decay rates as radiative decay engineering (RDE). 

The opportunities using RDE are described elsewhere in more detail (36). It is interesting to 

speculate on the future potential of RDE. Many possibilities can be imagined, such as DNA 

sequencing using intrinsic base fluorescence, or the use of intrinsic DNA fluorescence with 

DNA arrays. The need for UV excitation, and the unwanted background with UV excitation, 

may be eliminated with the use of longer wavelength multi-photon excitation, which is also 

expected to be enhanced near multiple particles. Another possibility is long range resonance 

energy transfer (RET). RET is useful for detection proximity between molecules, but only to 

distances up to about 70 Å. It has been suggested that metallic particles can increase the 

distance for RET by 10-fold (37–38), allowing detection of proximity of more distant 

macromolecules.

In closing, the detection of metal-surface enhanced fluorescence from DNA suggests the 

more widespread use of metallic particles for biochemical and biomedical measurements. 

Optimization of these effects will require not only spectroscopists, but surface scientists, 

physicists, and biochemical engineers to create appropriate particles, geometries, and 

fluorophore distances.
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FIG. 1. 
Top, experimental geometry. Bottom, absorption spectrum of one quartz slide covered with a 

silver island film.
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FIG. 2. 
Top, absorption spectrum of calf thymus DNA. Bottom, absorption spectrum of DNA 

between two quartz plates, with or without silver island films.
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FIG. 3. 
Top, emission spectra of DNA in the absence of silver islands in a cuvette. Bottom, the same 

solution between quartz plates (no silver) and between silver island films (with silver).
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FIG. 4. 
Frequency-domain intensity decays of calf thymus DNA without metal (top), and between 

two quartz plates with silver islands film (bottom).
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FIG. 5. 
Time-dependent intensity decays of calf thymus DNA without metal (—) and between silver 

island films (–).
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