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Abstract

We examined the photostability of a double-stranded DNA oligomer, covalently labeled with Cy3 

or Cy5 on one strand, in the presence of metallic silver island films. In our experimental 

configuration a minor fraction of the labeled DNA was close to the silver particles and the 

remainder was distant from the particles. Proximity of the fluorophores to silver island films 

resulted in increased intensity. Upon continuous illumination we found a fraction of the emission 

that was resistant to the photobleaching. The emission spectra of the residual fractions were 

identical to the initial spectra. The frequency-domain lifetime measurements of this fraction 

revealed greatly shortened decay times. These results are consistent with the photostable fraction 

being close to the silver particles. This results suggest that the number of photons detected per 

fluorophore, prior to photobleaching, can be increased 5-fold or more by proximity to silver 

particles. Localization at an optimal distance from the silver surface may result in larger 

enhancements.
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INTRODUCTION

Fluorescent detection is widely used in biotechnology, clinical diagnostics and gene 

expression [1-4]. In many cases the sensitivity of the measurement is limited by the 

photostability of the fluorophores. For instance, in single molecule detection it is important 

to detect as many photons per fluorophore as possible. The most photostable fluorophore 

typically undergo 105 to 106 excitation-deexcitation events prior to bleaching [5-6]. Given 

the limited collection efficiency of all optical systems, one can observe a maximum of 103 to 

104 photons per fluorophore.

4To whom correspondence should be addressed. lakowicz@cfs.umbi.umd.edu. 

HHS Public Access
Author manuscript
J Fluoresc. Author manuscript; available in PMC 2020 April 13.

Published in final edited form as:
J Fluoresc. 2002 December ; 12(3-4): 439–447. doi:10.1023/A:1021370111590.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In recent publications we described the effects of silver island films on the spectral 

properties of several fluorophores [7-9]. Silver island films are silver particles deposited on a 

glass substrate by chemical reduction of silver ions. These particles form an incomplete 

coverage of the surface and are typically sub-wavelength in size, hundreds of angstroms. We 

showed that proximity of fluorophores to silver particles can result in increased quantum 

yields and decreased lifetimes [7-9], an effect consistent with increased rates of radiative 

decay near the metallic surfaces. Decreased lifetimes are expected to result in increased 

photostability because the time for reaction while in the excited state is reduced.

In the present report we examined the photostability of Cy3 and Cy5-labeled DNA near 

silver island films. These fluorophores are widely used in DNA arrays [10,11]. We found 

increased emission intensity and increased photostability of Cy3 and Cy5-labeled oligomers 

near the silver film, suggesting the use of silver particles on DNA array substrates for 

increased sensitivity.

MATERIALS AND METHODS

DNA Oligomers

The chemical structures and sequences of the labeled and unlabeled DNA oligomers are 

shown in Fig. 1. These labeled oligomers were obtained from Synthetic Genetics. San 

Diego, CA. The labeled oligomers contained N,N′-dispropyl)-tetramethylindocarbocyanine 

(Cy3) or N,N-(dipropyl)-tetramethylindodicarbocyanine (Cy5) on the 5′ ends. The 

complementary unlabeled oligonucleotides were obtained from the Biopolymer Core 

Facility of the University of Maryland School of Medicine.

The double-stranded DNA samples (Cy3-DNA or Cy5-DNA) were prepared by mixing the 

complementary oligonucleotides in 5 mM HEPES, pH 7.5, containing 0.2 M KCl and 0.25 

mM EDTA to a final concentration of 20 μM. The samples were then heated to 70°C for 2 

min, followed by slow cooling. Concentrations were determined using ε (548 nm) = 150,000 

M−1 cm−1 for Cy3 and e (648 nm) = 215,000 M−1 cm−1 for Cy5. The quantum yields were 

determined using rhodamine B (Q = 0.48) as a reference. The quantum yield of Cy3 and 

Cy5, in the absence of silver particles were found to be 0.24 and 0.20, respectively.

Silver Island Films

Silver island films were formed on quartz slides (1 cm × 4 cm) as described previously 

[8,12]. Briefly, the slides are rigorously cleaned. Silver is deposited by reduction of silver 

nitrate using D-glucose. The particles are typically 100–500 nm across and 70 nm high 

covering about 20% of the quartz surface. These islands display the typical surface plasmon 

resonance absorption with a peak near 480 nm.

Fluorescence Measurements

Emission spectra were obtained using a SLM 8000 spectrofluorometer using 514 nm and 

605 nm excitation for Cy3 and Cy5, respectively. For the FD measurements of Cy3 the 

excitation source was a mode-locked argon ion laser, 514 nm, about 76-MHz pulse 

repetition rate. For Cy5 we used a cavity-dumped R6G dye laser, 605 nm, 3.8-MHz 
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repetition rate. The same laser light sources were used for the steady-state and FD 

measurements. The FD data were obtained with magic angle polarizer conditions. Emission 

of Cy3 was observed through a 565 nm interference filter, and Cy5 was observed with a 630 

nm long pass filer.

The FD intensity decays were analyzed in terms of the multiexponential model

I(t) = ∑
i

αi exp( − t ∕ τi) (1)

where αi are the pre-exponential factors and τi the lifetime, using previously described 

methods [13]. The contribution of each lifetime component to the steady state intensity is 

given by:

fi = αi τi
∑jαj τj

(2)

The mean lifetime, representing the average time in the excited state, is given by:

τ = ∑
i

fi τi (3)

The amplitude-weighted lifetime is given by:

〈τ〉 = ∑
i

αi τi (4)

This value represents the time-integrated area under the intensity decay, so this quantity 

reflects the overall quantum yield. The amplitude-weighted lifetime is sensitive to short 

timescale components in the intensity decay.

Photostability

Photostability measurements were accomplished using the configuration shown in Fig. 2. 

This top section of Fig. 2 shows an intensity profile across the sample (Cy3-DNA on quartz) 

before and after a illuminated for 400 s with 2 mW at 514 nm, were obtained by translation 

of a 50-μ pinhole across the sample. The diameter of the illuminated area was about 300 μ. 

The spatial profiles across sample was measured using low-power illumination (≈0.1 mW) 

by observation through a 50-μ pinhole. We estimated the photostability of the fluorophores 

by measuring the integrated area of intensity versus time to 400 seconds for samples 

between quartz (IQ) or silver islands (IS). In these cases the 50 μ pinhole was placed in the 

center of the illuminated spot.

RESULTS

We examined the emission spectral properties of the labeled oligomers using the geometry 

shown as an insert in Fig. 3. The liquid samples were placed between two unsilvered quartz 
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plates or between two quartz plates coated with silver island films. The thickness of the 

sample between the plates was about 1 μ. The silver particles are thought to exert only short 

range interactions over about 200 Å [14-17], which would mean only about 4% of the 

sample thickness could be affected by the particles. However, our experimental results 

suggest the active volume to be about 10–20%, suggesting a longer range interaction [8]. In 

any event, the spectral changes we observed, prior to photobleaching, represent weighted 

average of molecules affected by the silver particles and unaffected particles more distant 

from the silver.

Emission spectra of Cy3-DNA and Cy5-DNA are shown in Fig. 3. In both cases the 

emission intensity is increased 2- to 3-fold between the silver island films as compared 

between quartz slides. The maximum increase in quantum yield are known to depend on 

1/Q, where Q is the unperturbed quantum yield. The slightly larger increase in intensity for 

Cy5-DNA compared to Cy3-DNA is consistent with this expectation of larger enhancements 

for low quantum yield fluorophores.

We note that the intensities observed between the silver particles reflect only an apparent 

quantum yield. This is because the silver particles can both increase the actual quantum 

yield and increase the rate of excitation by increasing the incident light field intensity near 

the particles [17]. Our lifetime measurements (below) suggest a subsubstantial if not the 

majority of the increased intensity seen in Fig. 3 is due to an increase in the actual quantum 

yield due to an increase in the radiative decay rate.

Photostability of the labeled DNA was studied by measuring the emission intensity during 

continuous illumination at a moderate laser power of 2 mW (Fig. 4) and a higher laser power 

of 20 mW at 514 nm (Fig. 5). In both cases the intensity initially dropped rapidly, but 

became more constant at longer illumination times. The extent of photobleaching is greater 

with 20-mW illumination (Fig. 5) than with 2-mW illumination (Fig. 4). Although not a 

quantitative result, examination of these curves visually suggests slower photobleaching at 

longer times in the presence of silver particles compared with quartz slides. The measurable 

emission prior to photobleaching is proportional to the area under these curves. There is a 

2.6–3.0-fold increase in the time-integrated emission (to 400 s) in the presence of silver 

particles, somewhat larger than the 1.8-fold intensity increase seen for Cy3-DNA in Fig. 3.

Similar results were seen for Cy5-DNA at 2 mW (Fig. 6) and 20 mW (Fig. 7) for 

illumination at 605 nm. In this case the difference between the silver and quartz slides was 

greater for higher-power illumination. The areas under the curves in the presence of silver 

islands is about 4.2-fold higher for 2-mW illumination and 10.7-fold higher for 20-mW 
illumination. These ratios are somewhat larger than the 2.8-fold intensity increase seen for 

Cy5-DNA in Fig. 3.

We questioned the nature of the emission remaining after 400 s illumination. The emission 

spectra of Cy3-DNA (Fig. 8) and Cy5-DNA (Fig. 9) were identical before and after 

illumination, both in the absence and presence of silver islands. This result indicates that the 

detected emission, even after intense illumination, is still due to Cy3 and Cy5 and not a 

photolysis by-product.
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To further investigate the nature of the emission remaining after illumination, we measured 

the FD intensity decays, before and after illumination. We reasoned the selective 

photobleaching of labeled DNA distant from the silver particles would result in shorter 

lifetimes for the remaining populations, which is close to the silver particles. In the absence 

of silver island films the intensity decays of Cy3-DNA (Fig. 10) and Cy5-DNA (Fig. 11) 

were essentially identical before and after illumination (top panels), and the mean lifetimes 

remained the same (Table I). In the presence of silver particles the frequency-response were 

dramatically altered before illumination, and altered further following illumination (Fig. 10 

and 11, lower panels). These changes are due to decay times components, with dramatically 

shortened decay times because of the silver particles, and increased contribution of these 

short decay times following photobleaching (Table I).

DISCUSSION

What are the origins of the spectral changes of Cy3-DNA and Cy5-DNA seen in the 

presence of silver particles and following illumination? We interpret the reduced lifetimes in 

the presence of silver particles as resulting from an increased radiative decay rate of the 

fluorophores. This can be seen from the definitions of the quantum yield Q0 and lifetime τ0 

in the absence of silver:

Q0 = Γ
Γ + knr

(5)

τ0 = 1
Γ + knr

(6)

In these expressions Γ and knr are the radiative and non-radiative decay rates, respectively. 

Assume proximity of the fluorophore to the metal particles results in a n-fold increase in the 

radiative decay rate. In this case the quantum yield Qm and the lifetime (τm) near the metal 

particle are given by:

Qm = n Γ
n Γ + knr

, (7)

τm = 1
n Γ + knr

(8)

A n-fold increase in Γ results in the unusual effect of an increasing quantum yield with a 

decreased lifetime, which was observed for both Cy3-DNA and Cy5-DNA.

In the presence of silver particles the lifetimes are not only shortened, but the intensity 

decays become strongly multiexponential. This heterogeneity is due to short lifetime 

components, which contribute large fraction of the total emission (Table I). We believe these 

short lifetime components are due to those fluorophores in close proximity to the silver 

particles, and which display increased intensities and decreased lifetimes.
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In the absence of silver particles, continuous illumination did not alter the lifetimes or the 

heterogeneity of the intensity decays. We interpret this result as due to spatially constant 

photobleaching across the micron thickness of the sample. In the presence of silver particles 

the contribution of the short lifetimes increase and the mean lifetimes decrease after 

illumination. We believe this result is due to the reduced lifetime and increased 

photostability of Cy3-DNA and Cy5-DNA, which are close to the particles. Upon 

illumination the emission becomes increasingly dominated by fluorophores in close 

proximity to the silver particles and these fluorophores display higher quantum yields and 

decreased lifetimes (Eq. (7) and (8)).

We were surprised that the emission intensity appeared to approach constant values during 

prolonged illumination, rather than decreasing to zero. We believe this is due to diffusion of 

unbleached fluorophores into the illuminated area during the 400-s illumination. The 

diffusion distance (Δx) over a period of t is given by

(Δx)2 = 2Dt (9)

where D is the diffusion coefficient. Assuming a reasonable value for D of 10−6 cm2/sec, 

which in 400 s a labeled DNA molecules can diffuse 280 μ. This distance is roughly 

comparable to the diameter of the illuminated area so that this area will be replenished with 

unbleached fluorophores on a timescale comparable to the illumination time. This 

consideration explains the similar rate of intensity decrease seen for all the samples, with or 

without silver particles (see Fig. 4-7). The initial rapidly decreasing intensity is due to 

bleaching of fluorophores distant from the silver islands, and these all bleach at the same 

rate. The totality of the data, while somewhat quantitative, supports our assertion that 

continuous illumination results in a relative enrichment for fluorophores in close proximity 

to the particles.

What is the magnitude of the intensity increase that can be expected for fluorophores at the 

optimal distance from the silver surface? Assume that the short decay time components 

found in the presence of silver particles are due to these ideally positioned fluorophores. The 

short decay times range from 1 to 47 ps. Using a typical value of 20 ps suggests that the 

photostability of these fluorophores will be increased 20-fold, so that more photons could be 

detected per fluorophore prior to photobleaching. Alternatively, the maximal emission rate 

of a fluorophore is roughly given by 1/τ [5-6], so that all photon detection rate per 

fluorophore could increase 20-fold.

Our results suggest the use of silver particles for increased detection sensitivity for DNA 

sequencing flow cytometry, or microarrays, which typically use high-intensity focused 

excitation of fluorophores. Gels or substances containing silver particles may also be useful 

in proteomics [18], in which Cy3 and Cy5 have been used for detection of proteins in 2D 

gels [19].
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ABBREVIATIONS:

Cy3 N,N′-(dipropyl)-tetramethylindocarbocyanine

Cy5 N,N′-(dipropyl)-tetramethylindodicarbocyanine

FD frequency-domain
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Fig. 1. 
Structures and sequences of the labeled and unlabeled DNA oligomers.
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Fig. 2. 
Experimental configuration for photostability measurements. S = Sample; P = pinhole; L = 

lens; F = emission filter. The top diagram shows an intensity profile before and after a 

photostability test measured with low excitation power.
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Fig. 3. 
Emission spectra of Cy3-DNA (top) and Cy5-DNA (bottom) between quart plates without (– 

– –) and with silver island films (–––). The insert (top) shows the experimental geometry for 

liquid samples between two silver island films.
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Fig. 4. 
Photostability of Cy3-DNA between quartz plates without (Q) and with (S) silver island 

films at a moderate laser power of 2 mW. Top: as measured; bottom; normalized at time = 

zero.
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Fig. 5. 
Photostability of Cy3-DNA between quartz plates without (Q) and with (S) silver island film 

at a higher laser power of 2 mW. Top: as measured; bottom: normalized at time = zero.
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Fig. 6. 
Photostability of Cy5-DNA between quartz plates without (Q) and with (S) silver island 

films at a moderate laser power of 2 mW. Top: as measured; bottom: normalized at time = 

zero.
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Fig. 7. 
Photostability of Cy5-DNA between quartz plates without (Q) and with (S) silver island film 

at a higher laser power of 20 mW. Top: as measured; bottom: normalized at time = zero.
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Fig. 8. 
Normalized emission spectra of Cy3-DNA before and after 400-s illumination, 514 nm, 20 

mW. The lower spectra (…..) are not normalized following illumination.
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Fig. 9. 
Normalized emission spectra of Cy5-DNA before and after 400-s illumination, 605 nm, 20 

mW. The lower spectra (…..) are not normalized following illumination.
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Fig. 10. 
Frequency-domain intensity decays of Cy3-DNA between quartz plates without (top) and 

with silver island films (bottom), before (——) and after (—— o ——) illumination.
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Fig. 11. 
Frequency-domain intensity decays of Cy5-DNA between quartz plates without (top) and 

with silver island films (bottom).
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Scheme 1. 
Sample with silver island film absorption of silver island film (left) AFM image of silver 

island film (right).
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