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Abstract: The fluorescence behavior of molecular dyes at discrete distances from 1.5 nm diameter gold
nanoparticles as a function of distance and energy is investigated. Photoluminescence and luminescence
lifetime measurements both demonstrate quenching behavior consistent with 1/d* separation distance from
dye to the surface of the nanoparticle. In agreement with the model of Persson and Lang, all experimental
data show that energy transfer to the metal surface is the dominant quenching mechanism, and the radiative
rate is unchanged throughout the experiment.

Introduction applied, where he has theorized that the primary difference
Application of optical molecular rulers to questions in Petween the rates of energy transfer to a plane and to a sphere
biochemistry, biodiagnostics, and bimolecular imaging allows 1S manifest in the loss of lifetime oscillations at large distance
routine measurement of dynamic distance changes in moleculesin the spherical case, due to reduced reflecti¥iis implies
We recently demonstrated the applicability of a long-range that an energy transfer mechanism may not be drastically
molecular ruler consisting of an organic dye donating energy affected by moving from a plane to the spherical acceptor case.
to a small (1.41.5 nm diameter) gold nanoparticle, termed Although the experimental results are consistent with NSET
nanosurface energy transfer (NSETJhis technique allowed  behavior, seemingly contradictory findings for the optical
changes in conformational distances between 2 and 15 nm toresponse of molecular dyes interacting with metal NPs have
be probed for proteifnnucleic acid interactions on double-  been reported in the literature with both radiative rate enhance-
stranded DNA (dsDNA) using optical methods. NSET is similar ment and energy transfer quenching at moderate dist&ntes.
to Faster resonance energy transfer (FRET); however, the A common theme for most theories relies upon the existence
measurable distances are extended nearly 2-fold for opticalof SPR bands in the metal particle. The lower quantum
molecular rulers by following a dif distance dependence. efficiency of fluorophores near or on metal surfaces has been
Nanoparticles below the 2 nm scale should be of particular interpreted in terms of lossy surface wat/sr by suppression
interest for the minimally invasive integration of nanotechnology ¢ the radiative raté.Under certain conditions, photolumines-
with biological systems. The intensity quenching mechanism conce enhancement has been reported and is described as
via coupling of the oscillating electronic dipole of a dye 10 & o ting from wavevector matching and coupling to a plasmon
metal s_urface with loss of energy via heat analogous to the for far-field emission via a classical description of ligh&n
theoretical treatment developed by Chance, Prock and Silbey, interesting question presents itself, therefore, when inquiring

and Eersson a}nd Lahéor bulk metals.. . . about the behavior of a dipole emitter when the metal does not
This theoretical treatment can explain the oscillator coupling . o

to a metallic nanoparticle (NP) with surprisingly good agreement exhibit an SPR band, such as occurs when the metal particle is
very small,<2 nm1° Because 1.5 nm diameter gold NPs do

to experimental dathwhich is unexpected because a 1.5 nm + displ ; | h ter th | by which
Au NP neither has a significant core nor displays strong surface notdispiay surtace plasmon character, tne only means by whic
dye quenching will be observed is limited to either a change in

plasmon resonance (SPR) character. The observation ofquenchh diati fthe d he introducti ‘
ing behavior that follows the theoretical treatment of Persson the radiative ratelg) of the dye or the introduction of an energy

and Lang for a bulk metal is surprising due to the poorly transfer rateksy) to the metal NP. The details of the mechanism

developed surface in materials below 2 nm. While these systems
P : ; (4) Ruppin, RJ. Chem. Phys1982 76, 1681-1684.
are above the limit where the crystal field levels split, they are (5) Dulkeith, E.. Ringler, M.. Klar. T. A.: Feldmann, J.: Javier, A. M.: Parak,
not large enough to express a coherent surface plasmon — W.J.Nano Lett 2005 5, 585-589.
resonance. This may not be critical if the logic of Ruppin is (8 Lakowicz, J. RAnal. Biochem2005 337, 171194.

(7) Thomas, K. G.; Kamat, P. \d. Am. Chem. So200Q 122, 2655-2656.
(8) Worthing, P. T.; Amos, R. M.; Barnes, W. Phys. Re. A 1999 59, 865—
872

(1) Yun, C. S.; Javier, A.; Jennings, T.; Fisher, M.; Hira, S.; Peterson, S.;

Hopkins, B.; Reich, N. O.; Strouse, G. & Am. Chem. SoQ005 127, (9) Kalkman, J.; Kuipers, L.; Polman, A.; Gersen, Appl. Phys. Lett2005
3115-3119. 86,041113-1-041113-3.
(2) Chance, R.; Prock, A.; Silbey, Rdv. Chem. Phys1978 60, 1—65. (10) Logunov, S. L.; Ahmadi, T. S.; EI-Sayed, M. A.; Khoury, J. T.; Whetten,
(3) Persson, B. N. J.; Lang, N. [Phys. Re. B 1982 26, 5409-5415. R. L. J. Phys. Chem. B997, 101, 3713-3719.
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can be probed by correlating the photoluminescence (PL) andligand exchange. Aqueous NP was lyophilized into small aliquots of
lifetime (r) behavior for a set of dyes, spaced at controlled ~2 nmol/vial and stored at 4C.
distances. dsDNA. Nanoparticle Coupling: Complementary DNA strands
The relationship between photoluminescence (PL) intensity Were purchased with either-B¢-dye or 3-Ce-SH already HPLC-
and lifetimes is easily shown by considering that purlf!eq from IDT DNA Technologleg. All strana’swgre engineered
to minimize secondary structures using mFold. Purity for Cy5-labeled
1 1 DNA was verified via HPLC analysis (C-4, 300 A, 480% acetonitrile
b= =TT T Q) in 45 min). Purity for FAM and thiol-labeled DNA was verified on
kobs K+ Ky ket FPLC (30-90% 1 M NacCl in 0.1 M NaOH over 30 ming(30mer) or
60 min (>30mer)). A standard assembly of dsDNA with the NP was
and accomplished by first deprotecting 800 pmol of the single-strantied 5
thiol DNA with 50 mM tris(2-carboxyethyl)phosphine hydrochloride
k. (TCEP) in 20 mM PBS buffer pH 7.5 at room temperature for 30 min.
em= m =K Tops 2 The freshly deprotected DNAthiol was desalted with a NAP-5 column,

r t collecting the first 50Q:L eluted which contained 75% (600 pmol) of
the total DNA loaded onto the column. The dye-containing comple-
where eq 1 states that the observed lifetimgs is the inverse  mentary strand (590 pmol) was immediately added, and the strands
of all rates of decaykons Wherekqpsis the sum of the radiative  were annealed at 95 for 2 min, cooled to room temperature for 2
rate,k;, the nonradiative raté,, and the rate of energy transfer, min, and then added to 4 nmol of dry:&—soluble NP (NOTE: this
ket The radiative and nonradiative rates are normally consideredis a 1:6.7 stoichiometry dsDNA:NP to ensure predominately 1:1
constants for a dye under defined conditions, leakings the binding). The mixture was vortexed and placed &C4in the dark for
major contributor to the shortening of an observed lifetime. The conjugation >24 h. Successive=2) ethanol precipitations were
rate of energy transfer may be calculated, therefore, from the Performed to purify unbound NP from the dSDNAIP conjugate. The
difference in rates of excited-state de-excitation in the presencepurIerOI dsDNA-NP conjugate was reconstituted in 20 mM PBS pH

d ab f qold her- 7.5 buffer and stored at %C in the dark.
and absence or gold quencher. Absorption/Photoluminescence: Absorption measurements were

acquired on a Varian Cary 50 UWis spectrophotometer, and
ketz 1 _i (3) photoluminescence measurements were acquired on a Varian Cary
T obs Tobs Eclipse Fluorescence spectrophotometer using Z-matchetl §Qartz
cuvettes. A typical quantum yield was calculated by measuring the
where 7'ops is the quenched lifetime of the fluorophore. The absorption over the 266800 nm range for both the sgmple described
guantum yield (eq 2) is a convenient measurement relating PL @Pove and a control (dsDNAdye without NP), keeping the peak of
intensity tok and the observed lifetimegns For a high quantum the dye absorptiog 0.1 au. Continuous-wave photoluminescence (cw-
efficiency dye k. is very small, and one predicts that a change PL) was first measured on the control strand, adjusting the sensitivity
in k. will Iy Cilt’ ' y di ' h 'pth b d |if t'g to maximize the PL signalnder identical settingsthe PL intensity
g]f aW(ijeeaaﬁ%;i(r:grfsgorr;elggucre;nge gon\?e?sZﬁ/NinelrrZ)llme of the dsDNA-NP sample was then measured. Quantum efficiencies
' em- Ve v = . of quenching were determined via the following calculation:
transfer should lead to a correlated loss in lifetime and intensity
for the NP-dye combination. A dilemma is presented by these D =1 IsampIeXAcontrol
statements because both a chandinand the introduction of QEft lcontrol Asample
an energy transfer pathwak.{ could lead to the observation ) o _
of quenched PL and a decreased lifetime. How then can oneWnere®eer is the quantum efficiency of energy transfekmpie conrrolS
distinguish the true origin of the decreased PL intensity? The (12) Hays, J. B.. Magar, M. E.: Zimm, B. HBiopolymers1969 8, 531.
purpose of this paper is to demonstrate that the mechanism of(13) Persson, B. NJ. Solid State Commun978 27, 417-421.

: : i« (14) Persson, B. N. Burf. Sci.1993 281, 153-162.
PL quenching for an organic dye near a small 1.5 nm NP is (75} xihn H 3. Chem. Phys197q 53, 101.
)
)

T

[

“

almost entirely via energy transfer to the metal surface and that(16) Chew, H.J. Chem. Phys1987, 87, 1355-1360.

the quenching efficiency is defined by atidistance depen- 87 Leung, P. TPhys. Re. B 1999 42, 7622’ 7625,

8
dence, consistent with the predictions of Persson and Lang ingg

) Chang, R. LOpt. Commun2005 249, 329-337.

) Gersten, J.; Nitzan, Al. Chem. Phys1981, 75, 1139-1152.
) Gersten, J. |.; Nitzan, AChem. Phys. Lett1984 104, 31—37.
)
)

an NSET model. (21) Gersten, J. I.; Nitzan, ASurf. Sci.1985 158 165-189.
. . (22) Dulkeith, E.; Morteani, A. C.; Niedereichholz, T.; Klar, T. A.; Feldmann,
Experimental Section J.; Levi, S. A.; van Veggel, F. C. J. M.; Reinhoudt, D. N.; Moller, M.;

. . . . Gittins, D. I. Phys. Re. Lett. 2002 89, 203002-1.
Nanoparticle Synthesis:Gold nanoparticles were synthesized as (23) Crag, D.; Thirunamacéwandrgg, WMolecular Quantum Electrodynamics
: B : ; ; : Academic Press: London, 1984.
described by literature techniquéspsing the rapid reduction of ) ‘aiGicaios ‘A p.: Waldeck. D. H.: Harris, C. B. Chem. Phys1985 82,
hydrogen tetrachloroaurate (Au€3H,O) in the presence of tetraoc- 541-547.
tylammonium bromide by sodium borohydride in an argon-sparged (253 Johnson, P. B.; Christy, R. WPhys. Re. B 1972 6, 4370-4379.

water/toluene mixture. TEM measurements displayed particles with an g% ﬁ;e,g'gHUFrG,t‘;”ZSe' ,qugug i_c;' ﬁgﬁ,é%fiﬁgﬂﬂﬂg;, MPhys. Re. B

average diameter of 1.3 0.5 nm. The particles were washed ( )1?93 48, 18178—1h8188. ot ol
: : H ; f e 28) Alvarez, M. M.; Khoury, J. T.; Schaaff, T. G.; Shafigullin, M. N.; Vezmar,
thorqughly with a variety of _solvents, including hexanes, sgdlum nlt_rlte I.. Whetten, R. L.J. Phys. Chem. B997, 101 3706-3712.
solution, and MeOHH;O. Ligand exchange was accomplished using (29) Turro, N. J. Modern Molecular PhotochemistryUniversity Science
~400 mg bisf-sulfon henyl)phenylphosphine dihydr PP) in Books: Sausalito, CA, 1991.
00 fg bisg-sulfonatophenyl)p fe y.F;. C()jsp ed y? .ate (S )f (30) Lewis, G. N.; Kasha, MJ. Am. Chem. S0d.945 67, 994.
30 mL of Nanopure KD to 32 mg of purified nanocrystal in 32 mL o (31) 15-Dye: 5dye—Ce—CGT GTG AAT TCG TGC-3. 15-Thiol: 5 CeS—

methylene chloride. The two phases were stirred overnight, resulting (S:_—rgec—:ggAAg_lt_S/_Ar (,:Ag'I'ASI_:AA((:; _?g(i—_?é ?,A()(-;%yg: 3% d_lyﬁ%—scgecs C;'A

. : . _3. 30-Thiol: el

in extraction of the organically soluble NP to the aqueous phase through Cs—GCT GAT GAC TAT CGA ATT GGG TAG TAG GCG-3 45.Dye:

5 dye-G—CGT TCC GTG TGC ATA CTG AAT TCC GTG TTA CTC

(11) Weare, W. W.; Reed, S. M.; Warner, M. G.; Hutchison, J.Am. Chem. TTG CCA ACC TCG-3. 45-Thiol: 8 CgS—S—Cs—CGA GGT TGG CAA
Soc 200Q 122, 12890-12891. GAG TAA CAC GGA ATT CAG TAT GCA CAC GGA ACG-3.

J. AM. CHEM. SOC. = VOL. 128, NO. 16, 2006 5463



ARTICLES Jennings et al.
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Figure 1. Scheme of DNA binding to a 1.5 nm Au NP. By varying the é“? ¢ ! -
length of the DNA strand, the terminal dye fluorophore is separated from o 1" =
the Au NP by discrete distances (168, 120, and 69 A)) 2 4 6 8 10 12 14 6 1 '2 '3 }4 T
Time (ns) Time (ns)
the integrated intensity under the curve for the PL peak,/A8do is Figure 2. Lifetimes of the 15 bp (green), 30 bp (red), and 45 bp (black)

the absorption of the control sample at the peak of the dye. To eliminate Np—dsDNA-dye assemblies for FAM (a) and for Cy5 (b) relative to
absorption contribution from the NP in the calculation of the quantum dsDNA—dye controls (blue, top). The data have been normalized and offset
efficiency of the dye, the value f#ampieis determined by subtracting vertically for viewing. Single-exponential fits through the data are shown
the gold absorption profile from the absorption spectrum of the sample ).

(NP—dsDNA—dye), yielding the fraction of light absorbed by only a) FAM-AU, 5 b) Cy5-Au; 5

the dye at the wavelength of excitation. . .
Lifetime Measurements: Lifetimes are acquired using the output n
of a Nd:VO,-pumped (Spectra-Physics Vanguard, 2 W, 532 nm, 76 | 45mer
MHz, 10 ps) R6G dye laser (Coherent 702-1). Cavity dumping of the 30mer
dye laser to 1.9 MHz drops the pulse train to 1 pulse everg.2n the % %‘
case of FAM, the laser is frequency doubled f@f = 300 nm and g 3
used as is atex = 600 nm for Cy5. Samples were excited witl ﬁ ﬁ
uW at a right angle geometry relative to a Chromex 500is 0.5 m imaging % %
monochromator with 50 g/mm grating and 0.5 nm resolution. Output ] 2
of the monochromator is focused into a Hamamatsu C5680 streak
camera operating at a 20 (FAM) or 10 ns window (Cy5). Lifetimes are J
measured by binning intensity versus time for a 20 nm spectral range — e — | |
about thetlem maximum for the dye. Lifetime quenching is calculated 500 600 700 800 900 650 700 800 900
by Wavelength (nm) Wavelength (nm)
r Figure 3. (a) Photoluminescence quenching of FAM PL intensity as a
Qp=1—— (5) function of dsDNA spacer length. (b) Photoluminescence quenching of Cy5
To dye as a function of spacer length. The top curve in both (a) and (b) (- - -)

is a normalized control intensity.

which compares the measured decay rate for a Ml ®ONA—dye system

(«') versus the observed decay rate for the identical dsBbiye in been normalized at the peak and are displayed on a logarithmic

the absence of NPrf). graph vertically offset for comparison. The lifetime for each
Result dye clearly decreases with decreasing distance to the surface
esults of the metal sphere, displaying single-exponential decay kinetics

Figure 1 demonstrates the scheme of separating a donorfit using a LevenbergMarquardt algorithm to minimize the
fluorophore from the surface of a NP using three different residuals about the formt(t) = yo + loe ™. This is the first-
lengths of dsDNA as a spacer, hereafter referred to as NP order rate law whergy is a linear offset|, is the intensity at
dsDNA—dye. The distance from the center of the molecule to = 0, andk is the rate of decay where KL= 7405 These
the metal surface is estimated by taking into account the C observations suggest that not only is the sample purified from

linkers and the size of the fluorescent dye. ThgliGkers on free dye but also that any variation in length caused by the C
either 5 end contribute flexibility to the system, but due to the spacer is not measurable for this system. All samples are
persistence length of dsDNA;90 nm?? and the fact that compared to the appropriate dsDNAye strand in the absence

= 1.5 nm NP is smaller than the 2 nm footprint of dsDNA, it of the NP (i.e., FAM-15mer-NP is compared to FAM-15mer);
is very unlikely that the lengths of dsDNA used here would however, only a single dsDNAdye strand is shown (top, blue)
have the ability to wrap around or interact with the gold NP. for comparison in Figure 2a,b. Using eq 5, the quenching
The G chain on the dye will produce a cone of probability for efficiencies as measured by lifetime are listed in Table 1 along
the separation distance, due to chain flexibility, and tend to with the extracted (eq 1) and theoretical (eq 7) rates of energy
randomize the dipole vector relative to the nanometal surface, transfer.
so that the primary effect of thes@nker is ensuring an isotropic Photoluminescencein Figure 3, the cw-PL quenching of
distribution of electronic dipoles. FAM (Figure 3a) and Cy5 (Figure 3b) as a function of dsDNA
Lifetimes: Figure 2 compares the lifetimes for both fluores- spacer length is compared. The quantum efficiency of quenching
cein (FAM, graph a) and Cy5 (graph b) at all three dsDNA for each sample was measured by comparison against a control
spacer distances from the NP surface. The intensities have alldsDNA—dye in the absence of NP, using eq 4. Quenching

5464 J. AM. CHEM. SOC. = VOL. 128, NO. 16, 2006
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o[ FT——ty 0.5 | by [ Temerey momeptum and energy con_servaﬂop in the d|pole-|nd_uced
0.4 |~ — NP-15mer-FAM — = NP-15mer-Cy5 formation of electror-hole pairs and is useful for modeling

: — NP-15mer-FAM \ — NP-15mer-Cy5 . . A

! (Background Subtracted)| ¢ 4_| (Background Subtracted) this system. According to this model, the rate of energy transfer

is calculated by performing a Fermi golden rule calculation for
\ an excited-state molecule depopulating with the simultaneous
\ scattering of an electron in the nearby metal to above the Fermi
\ level. However, in considering the conservation of momentum,
\ : the excitation of an electrerhole pair must coincide with an

034

Absorption
o
e

0.1 S~ electron-electron, electrorrphonon, or electronsurface po-
’ e FE tential scattering event.
The Persson modestates that the damping rate te@face
0.0 5 Rvemcogensth (0] - of a noble metal may be calculated by
T 1T T T T T 1
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm) ﬁ wdye
Figure 4. (a) Absorption and corrected spectra for the FANSDNA— ket: 0. A d4 (6)
NP system and (b) absorption spectra and corrections for-@yBNA— kaF

NP. These spectra compare purified egsDNA—NP (black, offset 0.05

au—FAM: 0.10 au-Cy5), dye-dsDNA in buffer ¢ - ), and the background  which can be expressed in more measurable parameters through
subtracted absorption spectrum of the dgeDNA—NP to correct for NP the use of the EinsteiA,; coefficient23

absorption €).

3
efficiencies based on PL studies are tabulated in Table 1 versus A, = &| ?
different spacer lengths. e furc?

Absorption: Figure 4a shows absorption spectra for NP-
15mer dsDNA-dye (black dashed lines, offset vertically), to give the following rate of energy transfer, in accordance with
15mer dsDNA-dye without NP (dotted lines), and the NP- Coulomb’s law (1/4reo):
15mer dsDNA-dye (solid line) after subtracting the absorption

arising from the NP. The absorption for the difference spectra k= 0.225 c’ Paye @)
is not well resolved at the higher wavelengths, probably a result t wgyekaFd4 Taye

of unsatisfactorily corrected scattering.
wherec is the speed of lightgye is the quantum yield of the
donor (FAM= 0.8, Cy5= 0.4), waye is the angular frequency
Development of the Model: A great deal of theoretical  for the donor (FAM= 3.8 x 10s™%, Cy5=2.91x 10°s™1),
modeling-#13-18 (this list is far from complete) has probed the we is the angular frequency for bulk gold (8:410'®s™1), and
behavior of a dye in which the molecular dipole is damped by kg is the Fermi wavevector for bulk gold (1.2 10° cm™3).
the response of a nearby metal surface. The quenching of theThed, value is a convenient value to calculate for a-tyeetal
fluorophore intensity must be related to a through-space system, yielding the distance at which a dye will display equal
mechanism involving only the dipole of the donor and some probabilities for energy transfer and spontaneous emission. For
electronic property of the gold NP, which are most likely the Persson model, ttdy value may be calculated #/
interactions with free electrons. The lack of an SPR band at the

Discussion

nanometal size used in this study suggests that the coherent _ Cs(IDdye v
behavior of electrons is diminished. This does not negate energy do = 0'225w2 ok (8)
dye"’'F

transfer to the metal surface but implies the lack of participation
of the SPR or enhanced rates of energy transfer suggested over o calculated values of 76.3 and 73.0 A for FAM and Cy5

the plasmon bandwidthi® but not the ability of a metal to g5 respectively. The theoretical plot overlay of the data in
accept energy. This is an important point because, although agjqre ga,b is shown for comparison and is generated from the
larger sized NP may accept energy more efficiently, the smallest

o ? } - . =>texpression
NP possible is desired to be the least intrusive for a biological
system. g1
Figure 5 illustrates the dipole projections for free electron Qer(d) =1 do)? (©)
scattering at the surface of a gold NP in the presence of an 1+ q

dipole-induced electric field. Any free electron traveling within
the NP has the highest probability, geometrically speaking, of It is important to note that this model does not concern itself
scattering normal to the surface as opposed to any otherwith the reflected field from the surface, which makes it
orientation due to the high curvature of a 1.5 nm gold NP. This convenient for the case of a metal NP where, in accordance
would manifest in relaxing the dependence upon the overlap of with Ruppin’s modef, it is assumed that the reflected field is
projected dipoles between the donor and the acceptor. negligible and does not interfere with the dipole field. For the
The GersterNitzan model& 2! which have been used for  validity of this model, we assume that the dipole is a point dipole
modeling dipole-dipole interactions with the plasmon of gold  separated from a metal sphere by a rigid distance and that every
NPs seem to have fallen short in describing both the distance
dependence and efficiency of dye quencfﬁﬁ@The model of (32) This equation is stated as a correction to a previous paper (Strouse, G. F.

i X X . J. Am. Chem. So@005 127, 3115) in which it was calculated in error to
Persson and Lang, however, concerns itself primarily with be 0.525.
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Table 1. Measured Values for the Quantum Yield of Quenching Efficiency for the Three Strands of dsDNA Based on cw-PL Spectra (PL
Qesr) and on Lifetime Quenching (tQex)

FAM, 7, =353 +0.10 ns Cy5,70=1.30+0.10ns
dsDNA strand 15 bp 30 bp 45 bp 15 bp 30 bp 45 bp
distance (£5 A): 69 A 1204 167 A 69 A 120A 167 A
PL Qe 0.45+ 0.07 0.27+ 0.06 0.06+ 0.04 0.54+ 0.06 0.19+ 0.04 0.07+ 0.03
7 Qef 0.47+0.04 0.13+ 0.03 0.04+ 0.02 0.41+ 0.05 0.10+ 0.04 0.02+ 0.04
calculatedke; (s71)2 2.55x% 10° 4.9x 10 1.3x 107 4.87x 1C° 8.5 x 107 9.72x 1P
theoreticake (5732 4.3x 108 4.7 x 10 1.2x 107 3.3x 108 3.6 x 107 8.6 x 10°

aThe calculated and theoretical rates of energy transfer to the metal surface are calculated using eqs 3 and 7, respectively.

that the overwhelming majority of electron scattering events
are associated with the surface potential.

Figure 6 compares the experimentally observed quenching
efficiencies of a 1.5 nm NP as measured by PL and calculated
using eq 4 and also as measured by luminescence lifetime using
eq 5. A theoretical curve calculated using eq 9 is overlaid for
comparison to theory. Although egs 7 and 8 use bulk gold
parameters, the model fits surprisingly well with the experi-
mentally measured values and, particularly, with the rates of
energy transfer reported in Table 1. The photoluminescence
characterization seems to overestimate slightly the theoretical
qguenching values, whereas the lifetimes are in excellent agree-
Figure 5. (a) C?Lapgict)fﬁizesentation ?fda dO”OF_d%E“%meft?' actf%ﬁ’mf ment with the model. Because the measurement of relative
B B e 2 101 100 1 T vgliantum eficencies via PL specta s prone 10 eor in the form
overlap at all stearadians. (b) Pictorial representation of a gold NP in an Of fluctuations in lamp intensity or the ability to accurately
idealized electric field of a nearby molecular dipole. All surface dipole measure absorption, the PL quenching efficiencies are consid-
scatterin_g events associated with t_he free elect_rons of the gold are s_hownered less reliable than lifetime measurements. Fluorescence
perpendicular to the surface, which are predicted to be the dominant . . .
contributors to the NSET process. lifetimes avoid the accumulated error associated with the use
of multiple instruments, which increases our confidence in their

1.07~\ @ FAM Quenching 1.0~ b) Cy5 Quenching measurement. Lifetimes are very sensitive to the presence of
+ PLauoncning 4 PLQuencting guenching processes and give insight into the number of
0.8 0.8 qguenching processes taking place. The lifetimes measured here
06 06 not only suggest that quenching i_s occurring du_e t_o a single
& . energy transfer event (decreased single-exponential lifetime) but
S 0.4 S 0.44 also suggest that the slope of the theory may be correct.
The absorption characteristics of gold NPs have been studied
0.2 0.2 extensively, and attempts to fit theory with experimental data
have furnished a rich description of the electronic and optical
004, | | ; 0.0+ | | i properties of metal NPs. Attempts to model the absorption for
0 100 200 300 O 100 200 300 gold NPs below 20 nm diameter, in particular, the bandwidth
Distance (A) Distance (A) and position of the SPR band, require the incorporation of an

Figure 6. Quenching data for FAM (a) and Cy5 (b) based upon enhanced surface potential scattering term in the Drude dipole
ggf\fg';gqégf:fe%”ﬁﬁgagg g‘fe“mes W) overlaid on top of a theoretical - 55 ximatior?6:27 Whetten was successful in adapting this
model to calculate the absorption spectra of gold NPs fdom
= 1.4-3.2 nm, where they advance the theory that thiol ligands
donate electron density into the N®In this regard, the use of
NPs as energy acceptors may actually enhance the quenching
efficiency of a metal surface and explain the somewhat
unexpected efficiency of quenching by a 1.5 nm NP. The
increased electron density and surface scattering enhance the
probability of energy transfer via the Persson model, accounting
Alivisatos was successful in adapting the Persson model to for the good agreement between the data shown here and the
describe energy transfer from biacetyl donors to a Ag(111) theoretical model.
surface with good agreement to experimental dafeor their Monitoring k;: The observed quenching behavior of a
system, it was concluded that the dipole damping as a result of molecular dye at a specified distance above a metal surface has
both bulk and surface electron scattering was important. been explained previously by a perturbed radiativeTateither
However, a metal particle on the scale of 1.5 nm, being well lifetime nor PL data alone will give evidence toward the true
below the electron mean-free patkh430 A for goldS), will origin of the observed quenching because either can be explained
not show bulk electron scattering effects. Instead, it is expectedby the radiative rate or energy transfer models. An absorption

fluorophore has an acceptor NP associated with it. This
assumption is made practical in the material conjugation by
saturating the dsDNA with acceptor NP and using less than a
stoichiometric amount of donor-labeled strand. Monoexponential
lifetimes support the assumption that every donor is located at
a rigid distance from the acceptor.
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..... T5mer-FAM E b T 15merCys oscillator strength were calculated to be B)%, which does
— NP-15mer-FAM

2 —— NP-15mer-Cy5 not account for the observed 5@0% drop in PL intensity,

suggesting that the reduced quantum efficiency must be related
to an energy transfer mechanism from the dye to the gold NP
and not due to a changing radiative rate for this system.

The relationship between the rate of energy transfer and the
emission frequency of the donor is unique because the two are
inversely proportional, as expressed in eq 8. This may be
understood through the basic premise of Persson theory, which
states that the excited state dipole must be at much lower
frequency than the plasma frequency of the metal to allow fast
response of the conduction electrons on the time scale of the
donor frequency. This suggests that a gold metal surface will
guench dyes of lower frequency more efficiently than those of
Figure 7. Absorption comparison of the dyd 5mer (w/o NP; - <) to the higher frequency. By this mechanism, two dyes of separate

dye—15merNP absorption, after subtracting gold absorption and correcting energies but similar quantum Y_i9|d5 may demonstrate very
for scattering ). All absorbances have been normalized at the DNA different rates of energy transfer into a nanopatrticle, where the
absorption wavelength, 260 nm. A small scattering correction has been |ger energy dye should demonstrate an enhanced efficiency
applied to the NP-15mer-FAM absorption to correct the baseline from .

the 206-450 nm range. Absorption comparison for both FAVBmer- of energy tranSfer, over the higher energy dye. The a_ngular
NP (a) and Cy5 15merNP (b) allows direct monitoring of the oscillator ~ frequency of Cy5 is~34% lower than that of FAM, which
strength for the dye at the closest proximity to the gold NP measured here. should increase the rate of energy transfer at a given distance.

_ S o However, the lower quantum efficiency of Cy5-Q.40) has
experiment, however, will give insight toward the origins of the opposite effect of decreasing the rate of energy transfer, so
this quenching phenomenon. o . that the net effect is twaly values of approximately equal
Exclusion of the possibility of radiative raté&) changes is distance for both FAM (76.3 A) and Cy5 (73.0 A). Studies to

garnered by considering the changes in the absorption intensityfurther validate this relationship are currently underway in our
or oscillator strengthf) for the dye molecule upon binding the  |aboratory.

gold NP sincek; [0 f.2° The transition probability between states
in the well-known Einsteid;; andB;, coefficients relates the
experimental absorption of an electronic transition to the o )
oscillator strength and radiative rate for that molecle. two dyes of different energies, were appended to 1.5 nm gold

Oscillator strengthf, is directly related to the radiative rate, E‘PS ai a mear:js_ of meg_surlng quent;:hlng_efflc(;ency of tEe
through the relatioR uorophore at discrete distances. Absorption data on the

fluorophore are forthcoming in proving a mechanism which does
not rely upon a changing radiative rate for this system. The
guenching was measured by cw-PL and by picosecond lifetime
spectroscopy to determine that the process of quenching is an
where7, is the energy in wavenumbers corresponding to the energy transfer event and that it follows ad“/distance
maximum absorption, and is the experimental extinction dependence. The significance of @dependence upon energy
coefficient. A controlled absorption experiment, therefore, gives yansfer is realized when using NSET as a molecular ruler
the oscillator strengthfX for the dye upon appending the gold  pecause this means the measurable distants (im) via this

NP and is an independent measure of a changing radiative rateiechnique has been nearly doubled in comparison to traditional
Figure 7 shows the absorption for the 15 bp system, where thepgeT (~9 nm.) The discrepancy between quenching efficiencies
sample absorption (dotted line) has been corrected for scattering; s measured by PL and lifetimes is most likely an error due to

at higher wavelengths, and the absorptions of dsBisiye have instrumental inaccuracy in absorption/photoluminescence mea-
been normalized @260 Normalization of the difference spectra g rements.

at 260 nm, which arises predominately from the DNA absorp-
tion, allows direct comparison of the oscillator strengths for the
FAM and Cy5 dyes at 490 and 650 nm, respectively, in the
absence and the presence of a NP.

Absorption (Normalized A,g)
Absorption (Normalized A,¢)

T | | [ | 1
300 400 500 600 700 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Conclusion
In conclusion, three different lengths of dsDNAye, using

K= 3 x 10", [edv = vf (10)
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