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Abstract. Gold nano particles (GNPs) concentration dependence of the energy transfer occurs
between the fluorophores and GNPs is investigated. In the case of theses pairs, GNPs can
enhance or quench the fluorescence of fluorophores depending upon the relative magnitudes of
two energy transfer mechanisms: i) the plasmonic field enhancement at the fluorophores
emission frequencies (plasmon coupled fluorescence enhancement) and ii) the localized plasmon
coupled Forster energy transfer from fluorescent particles to gold particles, which quenches the
fluorescence. The competition of these mechanisms is depending on the spectral overlap of
fluorophores and GNPs, their relative concentration, excitation wavelength. Simple two
branches surface plasmon polariton model for GNPs concentration dependence of the energy
transfer is proposed. The experimental data and theoretical results confirm our findings.

1. Introduction

Fluorescence or Forster resonance energy transfer (FRET) has been widely used in biology and
chemistry for measuring the distance or between two fluorophores to detect molecular interaction in a
number of systems, thanks to their distance dependent dipole-dipole interaction mechanism. FRET can
be used as spectroscopic ruler in various areas such as the interaction of biological molecules in vitro.
In vivo assays in cellular research, nucleic acid analysic, signal transduction, light harvesting and
metallic nanometarial etc. based on the mechanism of FRET a variety of novel chemical sensors and
biosensors have been developed [1-14].

FRET is a distance dependent radiationless transfer energy from an excited donor fluorophore to a
suitable acceptor through long-range Coulomb dipole-dipole interactions. There are few criteria must
be replaced satisfied with met in order for FRET to occur: overlap between emission spectrum of donor
(D) and absorption spectrum of acceptor (A), removed it parallel dipole orientations of D and A, suitable
fluorescence lifetime of D, and suitable D-A separation (typically up to 10 nm).

Forster showed that the efficiency of traditional FRET process is on the inverse sixth power of the
distance between D and A pair (or distance dependence of traditional FRET mechanism). Recent
experiment argue that the Resonance Energy transfer (RET) between donor and metallic nanoparticle
acceptor more look like the energy transfer to a metallic surface (dipole- Surface Energy Transfer (SET))
with the inverse four power of the distance between D and A pair (or distance dependence of SET
mechanism) [3-4].

On the other hand, there are many works that demonstrated the non-Forster distance dependence of
energy transfer. Bagchi et al. showed the R dependence rule for electronic excitation transfer (EET)
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from a segment of polyfluorene to tetraphenylporphyrin. The Forster expression seems to be
inappropriate for the condensed phase systems where D and A can be closely packed [7].

In the our previous work [16] we studied the energy transfer between various type of D and A pairs; dye
molecules, quantum dots (QDs), fluorescent nanoparticles are used as D and dye molecules, gold
nanoparticles (GNPs) are used as A. For the first time, It is observed by experiments un-expected giant
resonance energy transfer (Gi-RET) phenomenon is observed by experiments with very large critical
transfer distance d,, which increases from few ten nanometers to micrometers when donors are
fluorescent and acceptors are GNPs. It was found that the critical transfer distances depends on the local
field of both donor and acceptor when they cannot be considered as the point dipoles.

Additionally the conventional only quenching intensity depending on the concentration of GNPs in the
solution, the unconventional with both fluorescence enhancement and quenching depending on the
concentration of GNPs is observed. This effect plays an important role in the un-expected Gi-RET
phenomenon. A model “nano-wave emitter station and antenna” is given to explain this phenomenon,
but it has some limitations for explaining other experimental results.

In this work GNPs concentration dependence of the energy transfer occurs between the fluorophores
and GNPs is investigated. When explaining the observed unconventional with both fluorescence
intensity enhancement and quenching depending on the concentration of GNPs, a simple two branches
surface plasmon polariton model is proposed. Our theoretical results has a good agreement with
experimental studies.

2. The experimental result

D and A used for experiments are fluorophores and GNPs. The fluorophores are dye molecules,
fluorescent nanoparticles and QDs (Fig.1). The Cyanine dyes (Cy5) weoe purchased from Invitrogen.
The fluorescent nanoparticles are 100 nm Cy3 orange beads (OBs) (Invitrogen) and laboratory
manufactured Rhodamine B (RB)-doped silica nanoparticles (RBDSNPs). Each OB contains about ~
3000 Cy3 dye molecules. There are about ~ 4000 RB molecules doped in each 100 nm RBDSNP and ~
150 RB molecules in 20 nm nanoparticles. The 4 nm CdTe QDs were provided by Institute of Materials
Science, VAST. The GNPs were purchased from BB International with 20 nm in size. The energy
transfer experiments were carried out for five types of D-A pairs: OBs — Cy5 dyes, Cy5 dyes — GNPs,
CdTe QDs — GNPs , RBDSNPs — GNPs and OBs - GNPs.

Donor
—. 2 7 — =
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———

Figure 1. The Forster resonance energy transfer between
the fluorophores and gold nano particles.

Fig.1 presents the energy transfer occurs between the fluorophores and GNPs, which are metallic
nanoparticles. In theses pairs, the GNPs can enhance or quench the fluorescence of fluorophores
depending upon the relative magnitudes of two energy transfer mechanisms: the plasmonic field
enhancement at the fluorophores emission frequencies (plasmon coupled fluorescence enhancement);
and the localized plasmon coupled Forster energy transfer from fluorescen particles to gold particles,
which quenches the fluorescence [18].
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The experiments were conducted at room temperature and at 532 nm excitation for mixture of D-A
pairs in agueous solution. The donor concentration was fixed while the acceptor concentration was
varied. There was no chemical reaction either aggregation between D-A pairs in solution. Absorption
spectra were measured using JASCO-V570-UV-Vis-NIR spectrometer. The fluorescence spectra were
recorded on a Cary Eclipse spectrofluorometer (Varian). Transmission and scanning electron
microscopes (TEM, JEM 1011 and SEM, Hitachi S-480) were used to determine the shape, size of
particles.

The competition of these mechanisms is depending on the spectral overlap of fluorophores and GNPs,
their relative concentration, and excitation wavelength. It can be seen from Fig.2(b), the addition of
GNPs in the solution of Cy5 molecules causes only the fluorescence quenching, while the interaction
between GNPs and CdTe QD, RBDSNPs, or OBs causes both fluorescence enhancement and
guenching, depending on the concentration of GNPs in the solution (Fig.2 (a), (b)). We concentrate on
the results of localized plasmon coupled Forster energy transfer, the results on fluorescence
enhancement will be discussed in next part.
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Figure 2. Conventional fluorescence quenching depending on the concentration of GNPs.

Unconventional fluorescence enhancement and quenching depending on the concentration of GNPs and
spectrum overlap are presented in the figure 3 in the left, and right correspondingly.

540
Lok 522 540 559

1= Absarption of 20 nm GNPs

ik
- Abserplion of OBa

: &
- A g
5 30k n 'E 3 Fluorescance of OBs
8 1 = (133
\
2 k L H
£ ’---.J " L
: 3 \ :
E w} J'.. . E nzp
\‘ Zz
0 2 2 1 1 L A. 11 ] M M i i
0 20 £ 60 80 100 450 Hl 550 00 G50 T
Concentration of GNPs (X 10" mL") Wavelength (nm)

Figure 3. Unconventional fluorescence enhancement and quenching depending on the concentration
of GNPs (left), and spectrum overlap (right).

3. FRET, SET and Coulomb energy transfer (CET) mechanisms

Conventional FRET (Fig.2) is a distance dependant radiationless transfer energy from an excited donor
fluorophore to a suitable acceptor through long-range Coulomb dipole-dipole interactions. There are
few criteria must be satisfied in order to FRET to occur: overlap between emission spectrum of D and
absorption spectrum of D, approximately parallel dipole orientations of D and A, suitable fluorescence
lifetime of D, and suitable D-A separation (typically up to 10 nm).
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Forster showed that the efficiency of traditional FRET process is on the inverse sixth power of the
distance between D and A pair (or distance dependence of traditional FRET mechanism). Denoting R is
distance between D and A, the FRET efficiency E is given by
_ 1 , 1

EFRET 1+ (R / RFRET )6 ( )
where R is the distance between D and A, R, is the Forster radius.
Recent experiment argue that the RET between D and metallic nanoparticle A more look like the energy
transfer to a metallic surface (dipole-surface energy transfer) with the inverse four power of the distance
between D and A pair (or distance dependence of SET mechanism) [3-4]. The SET efficiency E... is

defined by the expression

FRET

SET

1 2
l+(R/RSET)4 , @

Eser =

where R...is the SET radius.

SET
In additional, for surface plasmon problem in the literature there are exist one more energy transfer
mechanism — CET mechanism by radiate plasmon. In analogy the FRET and SET cases, the CET

efficiency E_.. is defined by the expression

1
Bz~ 3)
T 14 (R/IRy )

where R, is the CET radius.
At R=Rgr» Rgers and Ry, , half of excitation energy of D is transferred to nano metallic particle A.

The energy transfer rate K. approximately is a product k. ~G,G, of the interaction elements of the
donor G and acceptor G, [15, 16]. These interaction elements can be simplified such that their
separation distance d dependencies are some functions of their geometric arrangement. For single

dipoles G ~ dl for a 2D dipole array G z% and for a 3D dipole array G = const, such that the

3 )
power of the distance factor decreases as the dimension increases. In the case of FRET, which consists
of two single dipoles, is easily derived from this rule such that
Kerer = GpGa ~ GoipoieCoipare = (1/ R*)(1/ R*) =1/ R®, (4)
alternatively, FRET is commonly written as Keger ~ 1/ 75 R, /R)°.

Using a similar formalism, the rate of energy transfer from a dipole to a metallic surface is described
interband transition, which was further extended to the conduction electrons in metals, that SET rate is

Kegr ~ GG ~ GpipoiGeurt ~ (L/R*J1/R) ~1/R". (5)

Dipole ~ Dipole

Dipole

The CET rate is
Keer ~GpGp ~ Gy Gt ~ [L/R JI/R)~1/R?. (6)
Thus, energy transfer to a surface follows a very different distance trend and magnitude of interaction.

4. General resonance energy transfer (GRET) mechanism

The RET mechanism from general donor and general acceptor in the water which investigate in modern
theoretical and experimental works still quite complicate and unclear. The interaction of fluorophores
with metal surfaces is different depending on the distance regime [1]. For example the interaction of
fluorophores with metal surfaces at very close distances (~1nm): radiative rate enhancement is observed,
at intermediate distances (~30 nm): energy transfer is the dominant process; and at very large distances
(50 nm): fluorescence oscillations due to the fact that dipole-mirror effects take precedence.

The rate of EET from a fluorescent dye molecule to the surface plasmonic modes of a spherical metal
nanoparticle is studied in [S. Bhowmick] where theoretical predicted that the distance dependence of
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the transfer rate to vary as R™, with G, at intermediate distances, in partial agreement with the recent
experimental results, the Forster’s R® dependence is recovered at large separations.

In the work [7] the R dependence rule for CET from a segment of polyfluorene to tetraphenylporphyrin
was showed. The RET character also depends on size of general D and general A. Based on analyze the
recently obtained experimental data [15] we concluded in [17] that RET from fluorescent dipole donor
to metal nanoparticle acceptor is like FRET R™° for small radius and like SET R*for larger radius. For
the GNPs the transition radius R is quite small (R, ~1.5 nm), for a gold particle with radius smaller 1.5
nm is FRET-like, but larger that is SET-like. We supposed a new reasonable model with mixing
mechanism: continue changing from FRET-mechanism for small size to SET-mechanism for large size
metal nanoparticles.

Yet no single theoretical model has been explaining and cleaning which the distance dependence in
actual is inverse four or six order or some other order? Some questions are raised: what mechanism
observed in experiment FRET or SET or CET?, and how distinguish them?

So that a GRET mechanism is considered. The quantum efficiency of energy transfer Egzer Can be

written as
1

E RY)=—F—>
erer (R, Y) s (R/ R, )X
where R, is the general Forster-like radius for general mechanism, x is some positive number

describing the inverse order power of the general donor-acceptor pair distance.
The GRET transfer rate is

(7)

Kerer = GpGa =1/ RY, (8)
at R = Rgger , half of excitation energy of the general donor is transferred to the general acceptor.

Using unitless system d = R/Rgper and denote 7% = R, / Rgger » Where i = FRET, SET, CET, GRET s

the number characterized the partial mechanism, we introduce the unitless general the quantum
efficiency Egger(d, x,7;) of energy transfer as

Egrer (d, X, 77;) :m' 9)

half of excitation energy of general donor is transferred to general acceptor at d; , which satisfies the
conditiond;z, =1. It is easy to see that E.(d)=Ege(d,6, 7erer )» Eger(d) = Eguer (0,4, 71 ) »
Ecer (d) = Egrer (d,2, 776, ) fOr simplicity we put 77; = 1, the behavior of function g, (d,x,75,), and their
derivation DE,(d,x,7;)=0E(d,x,7;)/0d are presented in the figure 4 (a and b), for FRET- blue, SET-
yellow, and CET- green, respectively.
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Figure 4. Behavior of the RET efficiency functions E;(d,x,n), and their derivation.
DE;(d, x,7;) = 6E(d, x,77;)/ ad for FRET- blue, SET- yellow, and CET- green, respectively.
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5. Unified RET theory
The normalized FRET rate k can be calculated by electric Green function method [4, 16]

K(R) = 187264 ] 92F, (@) FA (0)M (@) (10)
0w

where w is the transfer frequency, c is the speed of light, & is the dielectric constant of the media M,r)
is the Green function, fo(w) and fa(w) are the normalized transfer spectrum of D and A, respectively.
Using a some kind of unified theory, we have [16, 17]
1 1

M@) =7 KZGA(w)ZGD(a))ZF[3+(wR/C)2 +(@Rl0)%], (A1)
where k? is the orientation factor of effective dipoles and can take values from 0 (perpendicular transition
effective dipoles) to 1 (parallel transition effective dipoles). We note that in the equation (11) there are
3 terms with R, R*, and R"?dependence.

6. Simple model for nanoparticles concentration dependence of intensity

In this part, for explaining the observed unconventional with both fluorescence intensity enhancement
and quenching depending on the concentration of GNPs, we propose a simple two branches surface
plasmon polariton model.

We consider a two branch model of surface plasmon polariton for GNPs. Because the obsorption spectra
of GNPs are quite broaded (see the figure 3), both two branches give their contribution to the energy
transfer processes.

The Green fuction M can be written as

1 ) ) o| 3 (@lc)  (wlc) | 12

M (o,(R)) =G K2G ,(0)?Gp (@) Ry + ") + ok (12)
where <R> is the average D-A distance. In the equation (12) just are 3 contributions given by FRET,
SET, and CET-mechanisms respectively.
Based on that fact, we assume a GFRET model with mixing 3 mechanisms: FRET, SET, and CET-
mechanisms. Considering a simple relation between the average donor-acceptor distance <R> and NPs
concentration n as <R> ~ (na + np)® =~ n"Y® we have
M (@, (R)) =ng0)2 KZGA(a))ZGD(a))z[AnZ +Bn*/? +Cn2'3], (13)
where A,B, and C are some parameters.
Taking the ussual linear optic condition (GaGp)? ~ n, the normalized intensity | is

Iy = lo + an® + bn"3+ cn®?, (14)

where a,b, and c are the parameters, I, is the the normalized intensity at n = 0.

l(@.u)
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Figure 5. Theory-experimental comparison of unconventional fluorescence enhancement and
guenching depending on the concentration of GNPs. The blue curve is obtained from equation (14)
with the fitting parameters a = -8.70925.10%, b = - 2.69385.10%, ¢ = 9.7635.10?, I, = 10.32 the
experiment data are in red cycles.
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As an example we take the case of RET between OBs and GNPs (see the figure 3). In the figure 5 we
present the curve (14) of OBs unconventional fluorescence enhancement and quenching depending on
the concentration of GNPs with the fitting parameters a = -8.70925.10°, b = - 2.69385.103, ¢ =
9.7635.102, 1, = 10.32, also the experiment data in red cycles. We obtained the quite good agreement
between the calculated values of normalized intensity from our model and experimental data.

7. Discussion

In this work concentration of GNPs dependence of energy transfer occurs between the fluorophores and
GNPs is investigated. For explaining the observed unconventional with both fluorescence intensity
enhancement and guenching depending on the concentration of GNPs, a simple two branches surface
plasmon polariton model is proposed. Because the absorption spectra of GNPs are quite broad both two
branches give their contribution to the energy transfer processes. The concentration depending is simple
with 3 fitting parameters a, b, and ¢ describing the FRET, SET and CET contributions, respectively.
As an example, we took the case of energy transfer between OBs and GNPs, and obtained quite good
agreement of the theoretical results with experimental data. The sign of a and b are negative describe
the quenching effect in conventional RET. While the sign of ¢ is positive describes the enhancement by
CET mechanism observed in unconventional RET experiments. Those signs are agreed with surface
plasmon polarition picture.
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