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ABSTRACT

Gold nanoparticles manipulate the quantum efficiency of phosphorescent molecules, which are attached via biotin —streptavidin recognition at
a distance of 4 nm to the nanoparticle surface. Time-resolved luminescence spectroscopy reveals an increase in the radiative as well as in

the nonradiative rate of the phosphorescent molecules upon binding to gold nanoparticles. The increase in the radiative rate alone would lead

to an increased luminescence quantum yield. However, this effect is outweighed by the distinct enhancement of the nonradiative rate due to

energy transfer, resulting in an overall quenching of the luminescence.

The luminescence of chromophores changes when they areAuNP increases the nonradiative rate due to energy transfer.
placed in close vicinity of gold nanoparticles (AuNPs). This Both effects likewise lead to luminescence quenching. In
effect allows conjugates of chromophores and AuNPs to be contrast, the radiative rate increases if the dipole is orientated
used across a vast spectrum of applications, for example agadially toward the AuNP surface. This time the fields of
energy transfer assays for the detection of BRAor the molecular dipole and the induced dipole interfere
proteins®* The net luminescence can either decrease constructively. However, the nonradiative rate is increased
increasé’ depending on how the gold particle affects the by energy transfer for radial polarization, as well. A
chromophore’s excitation ratBex, and the radiative and  luminescence quenching occurs if the energy transfer is the

nonradiative decay rates of its excited st#®gy andRnonrad dominating effect, while the luminescence is enhanced if the
which together determine the observed luminescence emis4increase oR.q prevails. Therefore, a full understanding of
sion rateRemiss the chromophore AuNP interaction requires the detection
of both ratesRag¢ and Ronrad
Remiss= Rexd? (1) While the effects of AUNPs on neighboring fluorescent

molecules have been investigated thoroughlythere are
only a few corresponding studies that focus on the influence
of gold nanoparticles on the luminescent properties of nearby
phosphorescent molecules (phosphors) which have a dipole
n= A 2) strength that is reduced by orders of magnitude compared
Rad T Ruonrad to that of fluorophores and consequently phosphors exhibit
radiative rates and rates of energy transfer to the gold
is the quantum efficiency of luminescence which is modified nanoparticles that are both reduced by orders of magnitude.
by AuNPs. The relative orientation of a chromophore’s Phosphors are particularly suitable for biosensing applica-
molecular dipole moment with respect to the AuNP surface tions, as they allow cutoff of autofluorescence of biological
determines whether the radiative rate is increased or de-samples by time-gated luminescence detecti8nThe
creased.For a tangentially oriented dipole, the radiative rate phosphorescent metal complexes ruthenium(ll) tris{2,2
is diminished because the molecular dipole and the dipole bipyridyl) (Ru(bpy)) and osmium(ll) tris(2,2bipyridyl) (Os-
induced on the AuNP radiate out of phase. Additionally, the (bpy)s) have been investigated, either adsorbed directly on
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a gold nanoparticfé or bound electrostatically very close

to the nanoparticle’s surfaééBoth studies report a lumi-
nescence quenching. In the case of the adsorbed phosphors,
the quenching was explained by an electron transfer from
the phosphors to the AuNP while for the electrostatically
bound phosphors the luminescence decrease was considered
to be due to energy transfér.However, details of the
luminescence quenching, especially the influence of the
AuNP on the radiative and nonradiative rates of the
phosphors, have not been discussed. Related studies inves-
tigated the luminescence of Ru(bpyjose to silver island
films on quartz substratéd,or close to a two-dimensional
layer of noble metal NPX. The catalysis of charge-transfer
reactions between phosphors bound very closely to AuNPs
has also been investigaté&d.

In this Letter, we examine how AuNPs affect the radia-
tive and nonradiative rates of two phosphors, palla-
dium(ll) 5-carboxyphenyl-10,15,20-trizsulfophenyl)por-
phyrin (PdCS3P) and Ru(bpy)rhe phosphors are attached
to gold nanoparticles with diameters of 20 or 40 nm via
biotin—streptavidin recognition at a distance of approxi-
mately 4 nm from the AuNP surface. Time-resolved lumi-
nescence spectroscopy reveals an increase of the radiative
as well as the nonradiative rate when the phosphors bind to
the AuNPs. While the increase of the radiative rate alone
would increase the phosphorescence quantum yield, the more
prominent increase of the nonradiative rate outweighs this
effect, so that in net luminescence quenching occurs.

The energy transfer rat®r scales with the intrinsic Figure 1. Gold nanoparticles with diametersr{2of 20 and 40
radiative rateReaqn Of the (;hromophores bec.ause both nrg are functionalizedpwith streptavidin (SA). Remaining gaps are
processes depend on the dipole strength. A direct propor-seajed with either BSA or PEG. The biotinylated phosphorescent
tionality betweerRaqn @and the energy transfer raler is metal complexes Ru(bpy)and PdCS3P are attached to the
found for both radial [)) and tangentialll) dipole orienta- nanoparticles via streptaviditbiotin recognition. The phosphors

x Streptavidin

o

@ BSA/PEG

Biotin

tion<s:16 are situated approximately 4 nm from the particles’ surface.
Readiint 3%, 40 nm are functionalized with streptavidin (SA). Remaining
Rerp=— T T e gaps in the streptavidin layer are sealed with an excess of
11— A"\ bovine serum albumin (BSA) or poly(ethylene glycol) (PEG)
w (n+ 1) 1 ant4 in the case of Ru(bpy)r PACS3P, respectively. Therefore,
Z (2n+ 1) Im (3) only the outer binding pockets of streptavidin are available
= n €+ (1+ In)ey[\r +d for biotin recognition. The phosphors Ru(bpgnhd PdCS3P
3 are modified with the spacer molecule 1,8-diamino-3,6-
_ Raadgint [3C€m dioxaoctane (DADOOQO) and subsequently functionalized with
Reryi =~ 11— A 2o x biotin (Bi). The biotinylated compounds are denoted by Ru-
t pia (bpy)-Bi and PACS3P-Bi. The Ru(bpyBi and the non-
© 1 biotinylated Ru(bpy) show the same absorption as well as
pA (n+1)n+1)Im e+ (1+ Unje J\r + d ) emission intensities. Only a minor red shift of 7 nm is

observed for the spectral positions of the absorption and

Here, A and A, denote the so-called image enhancement emission upon biotinylation. Thus, the biotinylation does not
factors!® o is the angular frequency of the incident light significantly affect the optical properties of the phosphors.
wave, ¢ is the speed of lighte and e, are the dielectric The mean adhesion time of the biotinylated phosphors in
constants of the gold nanoparticle and the surrounding the binding pockets is appreciably longer than the lumines-
medium, respectively, is the particle radius, andidenotes ~ cence lifetimes because of the strength of the bietin

the distance between the phosphor and the AuNP surfacestreptavidin bond. Therefore, the connection between the

The direct proportionality betweeRq int and Rer was also

found by Faster for a purely organic done@acceptor pait?
Figure 1 shows a scheme of the phosphuNP hybrid

system. First, gold nanoparticles with diameters of 20 and

1942

phosphors and the AuNPs is considered static on the
experimental time scale. However, the orientation of the
phosphor with respect to the AuNP surface may change
during the lifetime of a molecular excitation because of some
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orientational flexibility of the biotin-streptavidin bond and
the DADOQO linker.

For sample preparation, the concentrations of phosphors
and gold nanoparticles are determined from extinction
measurements, assuming literature values of the extinction
coefficient for Ru(bpyy® and Pd-tetra@-sulfophenyl)-
porphirt® which is structurally very similar to PdCS3P.
Extinction cross sections of the AUNPs were calculated using
Mie theory?° In a typical sample preparation process, 100
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uL of a 1.7uM Ru(bpy)-Bi solution in 20 mM Tris-HCI 0.0# . ; ; ;
buffer is added to 200@L of 0.84 nM BSA-free solution 0 100 o ) 20 P

of 20 nm AuNPs in a quartz cuvette. The mixture is atio Rulbpy), + A
subsequently diluted by adding 99@ of pure Tris—HCI b)o.s 1.0

buffer solution. Excess BSA is removed from the buffer
solution by dialysis to avoid that the hydrophobic biotinylated
phosphors interact nonspecifically with unbound BSA.
Samples containing PACS3P-Bi are degassed with argon for
30 min before and during the measurements because
PdCS3P-Bi is very sensitive to oxygen quenching. All
investigations have been carried out in aqueous solution (pH
7.5) at room temperature to match biological conditions. The
solutions are incubated for 45 min to ensure that the samples 0.0 : .
are in equilibrium condition. 400 500 600 700

) ) ) Wavelength (nm)
Time-integrated photoluminescence spectra are measured
with a Varian Cary Eclipse fluorescence spectrophotometer, Figure 2. (a) Concentration series of Ru(bpyith 20 nm AuNPs.
and extinction spectra are recorded by a Varian Cary56-UV The number of Ru(bpy)molecules per nanoparticle is increased

. . stepwise at a fixed concentration of AUNPs. The luminescence of
vis spectrophotometer. Time-resolved measurements a8 onfunctionalized Ru(bpy)triangles) depends linearly on the dye

carried out with a PicoQuant FluoTime 200 fluorescence concentration, while a change of the slope is observed in the series
lifetime spectrometer; the signals are detected with a pho- of the biotinylated derivative (circles) at 120 dyes per AuNP,

tomultiplier tube. Samples containing Ru(bpf) are excited  representing the maximum number of phosphors which can bind
at 470 nm with a PicoQuant LDH-P-C-470B pulsed diode to one particle. (b) Time-integrated extinction spectrum of the

, nanoparticle solution (dotted line) as well as photoluminescence
laser (pulse length ca. 500 ps, repetition rate 200 kHz), andspectra of biotinylated (solid line) and non-biotinylated (dashed line)

the luminescence decay is recorded in time correlated singlery(bpy}, both in presence of AuNPs. The phosphor concentrations
photon counting (TCSPC) mode. The PdCS3P-Bi samplescorrespond to ca. 100 phosphors per AuNP.

are excited at 405 nm with pulses from a xenon flash lamp

(pulse length ca. 400 ns, repetition rate 300 Hz), and phosphors and the nanoparticles. For that purpose, the
detectio_n of the decay profile is accomplished by multichan- 3mount of phosphor molecules is raised stepwise while the
nel scaling. number of AUNPs is kept constant. The circles in Figure 2a
Prior to the discussion of the hybrid systems, we show show this series of measurements for the hybrid system
that the binding between the biotinylated phosphors and composed of Ru(bpyBi and 20 nm AuNP. As long as there
streptavidin itself does not significantly affect the optical are fewer phosphors offered than binding sites available, the
properties of the phosphors. In recent publications, a phosphors are able to attach to the AuNPs and their
pronounced luminescence enhancement (factor-1.@) luminescence is quenched. Therefore, the increase of the
upon binding to avidin is reported for phosphorescent Juminescence with Ru(bpyBi concentration is less steep
ruthenium(ll) complexes with either a directly or a closely in the case of the hybrid system (Figure 2a, circles),
attached biotin moiet: 23 However, in the present case the compared to the case of non-biotinylated Ru(Brigure
spacer DADOO separates the biotin subunit and the chro-2a, triangles). All binding sites are saturated at the critical
mophoric part and control experiments without AUNPs show concentration of 120 Ru(bpyBi per AuNP, and Ru(bpy)
only a small luminescence enhancement of 8% when Ru-Bj added in excess is not quenched by the AuNPs. Therefore,
(bpy)-Bi is bound to streptavidin. For PACS3P-Bi no change the slope in the phosphorescence intensity curve changes at
of the luminescence strength was observed after addition 0of120 Ru(bpy}-Bi per AUNP. The experimentally determined
streptavidin. Therefore, the influence of SA on the phosphors saturation concentration is in very good agreement with the
is negligible in the present case. calculated number of 75 SA molecules on each AuNP (based
Three different phosphefAuNP hybrid systems are on the available surface area per AUNP) and the assumption
discussed in this Letter: Ru(bpy®i on 2r = 20 nm AuNPs, that there are in average 1.5 accessible biotin binding sites
Ru(bpy}-Bi on 2r = 40 nm AuNPs, and PdACS3P-Bion 2 on each SA. Note that the strict linear dependence of the
= 20 nm AuNPs. A concentration series is performed in fluorescence in the range from 0 to 120 phosphors per AUNP
order to ensure the functionality of the bond between the indicates that no concentration quenching takes place.
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Figure 2b shows the optical density spectrum of the gold
nanoparticle solution (dotted line). The plasmon peak of the
AuNPs can be clearly seen at a wavelength of 523?hm.
Further, the figure shows time-integrated luminescence
spectra of the (Ru(bpyBi)/(20 nm AuNP) hybrid system
(solid blue line) and of a reference solution (dashed line),
containing non-biotinylized Ru(bpyand AuNPs of the same
concentrations as in the hybrid system. The Ru(bpy)
concentrations in both samples are chosen to correspond to
100 phosphors per nanoparticle. We observe that the . - X : k s
phosphorescence of the hybrid system is quenched by about 0 100 200 300 400 500 600
38% in comparison to the reference. The geometry of the Time (ns)
streptavidin molecules and the biotinylated complexes defines
an average distance of 4 nm between the chromophoric parts
of the dyes and the gold surface (Figure 1). This distance is
far too large for an electron transfer from the Ru(bpy)
the AuNP, so electron transfer cannot cause the luminescence
quenching. Further, streptavidin changes the optical proper-
ties of the phosphors only marginally as explained above.
Therefore we conclude that energy transfer and the manipu-
lation of the phosphors’ radiative decay rates by the gold
nanoparticles must account for the changed luminescence
yle_Id_. As _W|II be discussed later, the actual _quencr_nng 6 o 10 0 20 2o 30
efficiency is much larger than 38% as observed in the time- Time (ns)
integrated studies, because the majority of the remaining
luminescence intensity is caused by unbound phosphorsFigure 3. Time-resolved luminescence transients of Ru(ppy)

which are in a dynamic equilibrium with the bound species. Pound to 20 nm AuNP. (a) The raw data (black line) are the sum
of the signal from phosphors bound to gold nanoparticles and

Before we turn to the time-resolved optical emission packground. The background (gray area) is made up of Raman
transients of the phospheAuNP hybrid system, we will scattering from the buffer (dotted line) and unmodified phospho-
discuss the time-resolved transients of the isolated compo-rescence from unbound dyes (dashed line). (b) Comparison of the
nents first. A pure solution of gold nanoparticles shows a transients of the free Ru(bpyn the r_efere_ncle solufttuon (tnanglles;
pulsed emission dt= 0 (dotted line in Figure 3a). From a and the Ru(bpyBi—AuNP composite (circles) after removal o

. . i . background signals. Lines are single-exponential fits.
spectral analysis we conclude that this fast emission signal

is predominantly due to a Raman emission background from gqilibrium with the bound species. Further, a small percent-
the buffer solution. Time-resolved luminescence measure- age of non-biotinylated Ru(bpyinay have persisted through-
ments on _the pure phosphor solutions reveal_monoexponentiabut the synthesis and purification of Ru(bp). Subtraction
decays with lifetimes of 380 ns for Ru(bpyBi and 450us of these short- and long-lived background components from
for PACS3P-Bi. Considering the experimentglly determined tje raw transient of the hybrid system yields the lumines-
quantum efficiencieg of 0.027 for Ru(bpyy-Bi and 0.028  cence decay profile of the bound phosphors. Further, we take
in the case of PACS3P-Bi, we obtain _the intrinsic radiative jnto account a change in the absorption cross section due to
ratesRaq = 7.1 x 10*s™* for Ru(bpy}-Bi andRaq= 62 s°* the presence of the gold nanoparticles. This is achieved by
for PACS3P-Bi. Accordingly, the intrinsic nonradiative decay calculating R.q at the excitation wavelength using the
rates amount t&nonas= 2.6 x 10° s™* for Ru(bpy}-Biand  Gersten-Nitzan theory and assuming that absorption and
Ruonrad = 2.2 x 10° 57 for PACS3P-Bi. emission probabilities are proportiorfaThe resulting cor-
Figure 3a shows the emission transient of the (Ru(®py) rection factors are less than 2 for all three composite systems
Bi)/(20 nm AuNP) hybrid. We can identify three components under consideration.
in the decay profilé.First, a very fast emission signal &t The decay signal resulting after these corrections is shown
= 0 is observed which shows a peak intensity identical to in Figure 3b for Ru(bpyy}Bi attached to AuNPs with 20
the pure gold nanoparticle solution (dotted line) due to nmin diameter (circles). The luminescence turns out to decay
Raman scattering from the buffer. Second, we observe amonoexponentially for all phosphe AUNP systems under
long-lived component with a decay time similar to that of consideration. Compared to the phosphorescence lifetimes
free Ru(bpy) dyes. This is illustrated by the dashed line in of unbound Ru(bpy) (triangles), a substantial lifetime
Figure 3a, which represents a single-exponential decay withshortening is observed. We obtain a lifetime= 44 ns for
a time constant = 380 ns. Therefore, this component can Ru(bpy}-Bi on 20 nm AuNP, and in analogous experiments
be attributed to unbound Ru(bpyBi molecules. Although  we obtaint = 42 ns for Ru(bpyy-Bi on 40 nm AuNP and
the streptavidir-biotin bond is very strong, functionalization 7 = 82 us for PACS3P-Bi on 20 nm AuNP. From the
of biotin with a large metal complex weakens the affirfity,  experimentally obtained lifetimes, we deduce the overall
which leads to a nonvanishing fraction of free dyes in thermal decay rateR = 77! of the bound phosphors. The overall
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Table 1. Comparison of the Experimental Data for the Nonradiative and Radiative Rates with the Predictions of the-Glizten
Model for Tangential, Radial and Random Orientation of the Dye’s Dipole Moment toward the Gold Surface

Gersten—Nitzan theory

experiment Rgg\r]xrad,random Rt?glrad,ll ng\xllradﬂ

system RyP a(s™) (s™) (s™) (s™)
Ru(bpy)s (2.6 £0.1) x 108 2.6 x 106 2.6 x 106 2.6 x 106
Ru(bpy)s-20 nm AuNP (2.3 £0.1) x 107 2.4 x 107 1.6 x 107 4.1 x 107
Ru(bpy)s-40 nm AuNP (24 +£0.1) x 107 2.4 x 107 1.7 x 107 3.8 x 107
PdCS3P (2.2 £0.1) x 103 2.2 x 103 2.2 x 103 2.2 x 103
PdCS3P-20 nm AuNP (1.2 4+£0.1) x 104 1.0 x 104 0.71 x 104 1.6 x 104

Gersten—Nitzan theory

experiment Rfalg,random RSalg,H Ri}al:iT,D

system RXE (s7h (s7hH (s7h (s™)
Ru(bpy)s (7.14+£0.2) x 104 7.1 x 104 7.1 x 104 7.1 x 104
Ru(bpy)s-20 nm AuNP (11 £1) x 10* 15 x 104 0.51 x 104 44 x 104
Ru(bpy)s-40 nm AuNP (13 £2) x 10* 27 x 104 0.33 x 104 81 x 10*
PdCS3P (6.2 £0.2) x 10! 6.2 x 10! 6.2 x 10! 6.2 x 10!
PdCS3P-20 nm AuNP (6.8 +1.0) x 10! 10 x 101 1.2 x 101 29 x 10!

decay rate is the sum of the radiative and the nonradiative Table 2. Quantum Yields and Quenching Efficiencies of the
rate: R = Rag + Rnonrag Since the radiative rate is directly Pure Dyes and the DyeAuNP Hybrid Systems.

proportional to the luminescence signéd) at timet = 0, quantum % quenching
Rag Of the hybrid systems can be deduced from the time- system yield efficiency
resolved spectra by comparih¢p) of bound and unbound
phosphors and multiplying this ratio with the phosphor’s

Ru(bpy)s 2.7 x 1072

. oL 6 . Ru(bpy)s—20 nm AuNP 5.0 x 1073 81
!<nown intrinsic radiative rate?® The nonradiative ratBnonrad Ru(bpy)s—40 nm AuNP 54 % 10-3 30
is subsequently calculated by subtractitag from the overall PACS3P 2.8 x 10-2
decay rateR. Table 1 shows the obtained radiative and  PdCS3P-20 nm AuNP 5.6 x 1073 80

nonradiative rates for all composite systems under consid-
eration. We find a slight increase &t.q and a 10-fold with R, according to eq 3 and eq 4. The intrinsic radiative
increase 0fRnonrad fOr all hybrid systems. The increase of rate Raqint Of Ru(bpy) is 3 orders of magnitude larger
the nonradiative rate is due to an energy transfer to the AUNP.compared tdR.4qnt0of PACS3P and, consequently, the energy
On the one hand, the increase of the radiative rate wouldtransfer rateRgr of the Ru(bpy3—20 nm AuNP hybrid
increase the phosphorescence quantum yield, but on the othesystem (calculated as the difference Rfonag With and
hand the more prominent increase of the nonradiative ratewithout AUNP) is 3 orders of magnitude larger th@agr of
outweighs this effect, so that a net luminescence quenchingthe PACS3P20 nm AuNP composite, as well.
occurs. Table 2 lists the quenching efficiencies as well as the
The radiative and nonradiative rates calculated with the quantum yields (eq 2) of the bound species based on the
Gersten-Nitzan theory are also listed in Table 1 for radial experimentally determined rates. The quenching efficiency
(0), tangentiall(), and random dipole orientations. The rates is approximately 80% for all three dyeAuNP composites.
for random polarization are obtained by averaging the ratesInterestingly, the luminescence of Ru(bpy¥ quenched
for the radial and the tangential case, taking into account slightly stronger by 20 nm AuNPs than by 40 nm AuNPs.
the 2-fold degeneracy of the tangential orientation. On This result is surprising at first, as one would intuitively
comparison of the experimental results with the Gersten expect a more efficient energy transfer in the case of the 40
Nitzan model, a uniformly tangentiall)(orientation of the nm colloids due to their larger absorption cross section.
phosphors’ dipole moments can be ruled out, because theoryHowever, the increase iRnonraqiS almost identical for both
predicts a reduction dR.qin the presence of AUNPs, while  systems, while the enhancement of the radiative rate, which
we measure an increase Bfy (Table 1). However, the  counteracts the quenching of luminescence, is more pro-
measured increase Bfyq is too small to be explained by a nounced for the 40 nm particles (see Table 1).
purely radial dipole orientation, as shown by a comparison In conclusion, we have shown that the luminescence of
of R2Y with the theoretical value iZ'D. Best agreement  the phosphors Ru(bpyand PACSP3 is considerably quenched
with the GersterrNitzan theory is achieved by the assump- in the vicinity of gold nanoparticles due to energy transfer,
tion of a randomly distributed orientation of the phosphors, which adds to the nonradiative rate. Further, we observe a
which is indeed plausible, as the streptavidiotin linkage slight increase in the radiative rate which counteracts
and especially the DADOO spacer undergo rotational motion luminescence quenching. However, as the energy transfer
on a time scale much faster than the lifetime of the phosphor. is always the more prominent effect in the investigated hybrid
It can further be seen that the rate of energy transfer scalessystems, a net quenching of the luminescence occurs. Both

Nano Lett., Vol. 7, No. 7, 2007 1945



rates Rag and Rionrad Can be explained best within the
framework of the GerstenNitzan theory if a random
orientation of the dipole moments of the phosphors is

assumed. Our findings are relevant for molecular recognition
sensors based on the quenching of long-lived phosphores-
cence. Quenching of triplet states in phosphors is also

relevant in optoelectronics and specifically in spintronics.
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