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The fluorescence resonance energy transfer between various types of fluorophore pairs was investigated.
Dye molecules, quantum dots, fluorescent nanoparticles (dye molecules encapsulated in polymer ma-
trices) were used as donor D. Dye molecules and gold nanoparticles were used as acceptor A. We found
that the experimental Forster critical transfer distance Ry is 1-10 nm when both D and A are dye mo-
lecules, and becomes larger than 10 nm when the donor is fluorescent nanoparticles. When the acceptors
A are gold nanoparticles, the case is considered as localized plasmon coupled nanosurface energy
transfer (NSET), the experimental critical distance dg increases up to few ten nanometers when D are dye
molecules or quantum dots. For the first time, un-expected giant resonance energy transfer (G-RET)
phenomenon is observed in our experiments with very large critical transfer distance do, which increases
from few ten nanometers to micrometers when the donors are fluorescent and the acceptors are gold
nanoparticles. A model “nanowave emitter station and antenna” is given to explain the local field de-
pendence of the critical distance of energy transfer between those nanoparticles. Moreover, a simple
theoretical model with size-number contribution (for fluorescent nanoparticles) and surface plasmon
coupled enhancement effect (for gold nanoparticles) is proposed to explain these obtained experimental

results.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Fluorescence or Forster resonance energy transfer (FRET) has
been widely used in biology and chemistry for measuring the
distance r between two fluorophores to detect molecular inter-
actions in a number of systems, thanks to their distance-depen-
dent dipole-dipole interaction mechanism. FRET can be used as
spectroscopic ruler in various areas such as the interaction of
biological molecules in vitro and in vivo assays in cellular research,
nucleic acid analysis, signal transduction, light harvesting and
metallic nanomaterial etc. Based on the mechanism of FRET a
variety of novel chemical sensors and biosensors have been de-
veloped [1-5]. Conventional FRET exhibits the R~°® dependence
law of energy transfer rate and characterized by the Forster dis-
tance or critical distance Ry, which defined as the distance at
which the energy transfer efficiency is 50%. The Rq is given by

Ro = 0211[2n-4gpf ) |'° a
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where ¢, is the fluorescence quantum yield of the donor (D) in the
absence of the acceptor (A), &2 is the dipole orientation factor, n is
the refractive index of the medium, and J(A) is the spectral overlap
integral. k2=2/3 for isotropically oriented dipoles [6]. The FRET
suffers from a limited length scale of approximately 10 nm. On the
other hand, there are many works demonstrated the non-Férster
distance dependence of energy transfer. Bagchi et al. showed the
R~2 dependence rule for electronic excitation transfer (EET) from a
segment of polyfluorene to tetraphenylporphyrin. The Fdorster
expression seems to be inappropriate for the condensed-phase
systems where donors and acceptors can be closely packed [7].
The Forster energy transfer is also breaking down when the energy
transfer occurs from a dye molecule to a nanometal surface, which
was attributed to the surface energy transfer (SET) and follows R—*
distance dependence. This phenomenon was explained by the
surface plasmon coupled nonradiative energy transfer [8,9]. En-
ergy transfer between dye molecules or quantum dots (QDs) -
donors and metallic nanoparticles (MNPs) - acceptors demon-
strates a longer range energy transfer phenomenon due to the
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localized surface plasmon coupled and described by the nanosur-
face energy transfer (NSET) mechanism. Due to a large difference
in donor and acceptor dimensions, the system is considered as a
point dipole interacting with an infinite metal surface for small
separation distances and large GNPs. The characteristic distance
for which the NSET efficiency is 50%, denoted as dy and can be
calculated by formula of the Persson-Lang model [7]:

3 1/4
do = [0.225&}

odekror @)
where c is the speed of light in vacuum, ¢p, is the quantum yield of
the donor, gy, is the angular frequency for the donor, wy and
kg are the Fermi angular frequency and wavevector of metal. It can
be seen in formula (2), the distance dy do not depends on both
donor and GNP size. This model of the energy transfer from point
dipoles to MNPs has been used to calculate the characteristic
distance for single emitter-metallic nanosphere pairs [10,11] and
for planes of QD-gold nanospheres [6,12-14]. These works em-
phasized the influence of localized plasmon field (concentration or
size of gold nanoparticles) effects on FRET energy transfer between
quantum dots, also the plasmon coupled frequency dependence of
this type of energy transfer. Distance dependence of localized
plasmon coupled energy transfer was also investigated for rare
earth doped and dye doped plasmonic core-shell NPs [15]. It was
found that the interaction distance was observed up to few ten
nanometers [10-12,16] and NSET model provides only a good
qualitative description of the distance dependence of the quench-
ing efficiencies since the measured values were always larger than
the predicted ones [6,11]. It can be said that the difference in the
calculated and measured values of plasmon coupled energy
transfer distance comes mainly from two reasons: (i) the point
dipole condition or the dimension difference in donor and accep-
tor pairs, (ii) the influence of the size of nanoparticles participated
in the transfer process. In the case of emitter-metallic nanosphere
pairs where both D-A nanoparticles are comparable in size, the
point dipole condition will be not satisfied and a big difference in
calculated and measured values of characteristic distance dy will
be expected.

This work presents our results on studies of the energy transfer
between various type of donor and acceptor pairs; dye molecules,
quantum dots, fluorescent nanoparticles are used as donors D and
dye molecules, gold nanoparticles are used as acceptors A. The
critical transfer distances Ry/dy was calculated and experimental
estimated for all cases of D-A type. It was found that the critical
transfer distances Ro/dy depend on the local field of both donor
and acceptor when they cannot be considered as the point dipoles.
A large do distance up to micrometer was experimental observed
when donors are fluorescent and acceptors are gold nanoparticles.
A model “nano-wave emitter station and antenna” is given to
explain this phenomenon. A theoretical formalism was introduced
to compute the energy transfer rates for the experimental results.
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2. Experimental section

The donor and acceptor used for experiments are fluorophores
and gold nanoparticles (GNPs). The fluorophores are dye mole-
cules, fluorescent nanoparticles and quantum dots (QDs) (Fig. 1).
The Cyanine dyes Cy5 were 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 In-
ternational 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
(Table 1).

The experiments were realized at room temperature and at
532 nm excitation for mixture of D-A pairs in aqueous solution.
The donor concentration was fixed while the acceptor concentra-
tion 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 (Var-
ian). Transmission and scanning electron microscopes (TEM, JEM
1011 and SEM, Hitachi S-480) were used to determine the shape,
size of particles. The absorption A, and fluorescence Ag, max-
imum of donors and acceptors, also the quantum yield of donors
are listed in Table 1.

3. Results and discussion
3.1. Experimental

Fig. 2 presents the curves of fluorescence intensity of donor
versus acceptor concentration of D-A pairs under investigation,
also their absorption and fluorescence spectra for clearing. As can
be seen in (Fig. 2a), the addition of Cy5 dye molecules in mixture
causes the decrease of OBs fluorescence intensity due to the en-
ergy transfer from Cy3 dye molecules (donors) in OBs to Cy5
molecules (acceptors) in solution. Using the FOrster theory, we can
calculate the characteristic critical transfer distance Ry according
to formula (1) using the spectral overlap J, and quantum yield ¢p.

For all other cases (Fig. 2b-e), the energy transfer occurs be-
tween the fluorophores and GNPs, which are metallic nano-
particles. In theses pairs, the gold nanoparticles can enhance or
quench the fluorescence of fluorophores depending upon the re-
lative magnitudes of two energy transfer mechanisms: (i) the
plasmonic field enhancement at the fluorophores emission fre-
quencies (plasmon coupled fluorescence enhancement) and (ii)
the localized plasmon coupled Forster energy transfer from
fluorescent particles to gold particles, which quenches the

Fig. 1. (a, b and d) Transmission electron microscope (TEM) image of OBs, GNPs and CdTeQDs, respectively; (c) scanning electron microscope (SEM) image of RB DSNPs.
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Table 1
The donor-acceptor pairs.

Donor Acceptor
Type Size (nm) Aap (NM) AFuo (NM) Quantum yield Type Size (nm) Aap (NM) AFuo (NM)
1 OBs (Cys3 doped) 100 540 560 0.11 Dye molecules Cy5 ~0.3-0.5 640 668
2 Dye molecules Cy5 ~0.3-0.5 640 668 0.37 GNPs 20 522 NA
3 CdTe QDs ~4 566 602 0.3
4 RBDSNPs 20 554 578 0.45
5 100 554 580 0.35

fluorescence [17]. The competition of these mechanisms is de-
pending on the spectral overlap of fluorophores and GNPs, their
relative concentration, excitation wavelength. It can be seen from
Fig. 2b, 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 fluor-
escence enhancement and quenching, depending on the con-
centration of GNPs in the solution (Fig. 2c-e). In this work, we
concentrate on the results of localized plasmon coupled Forster
energy transfer; the results on fluorescence enhancement will be
discussed in another work. The characteristic distance dy of the
energy transfer between the fluorofores and GNPs have been
calculated by formula (2) using quantum yield ¢p and central
emission frequency gy, of the donors. For gold metal,
w=84x10"” s k=12 x 108 cm ™' [16].

On other hand, Ry and dy can be experimental estimated as the
average distance of D-A pairs (center-to-center) at acceptor half
quenching concentration when Iyy4/l;=2, where Ipy and I; is the
fluorescence intensity of donor without and with acceptor,
respectively.

The critical energy transfer distance for different D-A pairs are
presented in Table 2. The results show that for the case of OBs-Cy5
molecules, Ry is calculated ~5.0 nm, while the experimental value
is 55.0 nm, much larger than the typical FOrster transfer distance
between two dye molecules. The typical Forster transfer distance
between Cy3 and Cy5 molecules is about 5 nm (data not shown).

When the acceptors are GNPs, the experimental values of this
distance (denoted as do) are longer than 10 nm and strongly de-
pend on the type of donors, while the calculated values are little
changed and all shorter than 10 nm. For the Cy5 molecules—GNPs
pair, the experimental dgexp, is 18.0 nm and increases up to 38.4 nm
for CdTe QDs-GNPs pair. These values coincide with the values
published in previous works [10,11]. The giant transfer distance
803, 1161 and 1854 nm is obtained when both D-A are nano-
particles (RBDSNPs—-GNPs and OBs-GNPs). As shown in Table 2, for
the plasmon coupled cases, the transfer distance doexp increases
with the size of fluorophore-donors: the bigger donor size, the
longer transfer distance. It should be emphasized that when the
fluorescent NPs (RBDSNPs and OBs) are the donors, their size (20
and 100 nm) are comparable or even bigger than that of acceptors-
GNPs (20 nm), then the NSET model of point-dipole interacting
with an infinite metal surface is no longer true. It needs to find a
suitable alternative model to explain the received experimental
results.

The conventional FRET is the transfer between two dye mole-
cules and is considered as the interaction between two point-di-
poles. So, in the Forster theory, the magnitude of the electric field
of donor and acceptor is not included. Due to their smallness of the
electric dipole local field, the transfer is effective only in the
distance < 10 nm. In our experiment, each RBDSNP or OB contains
several hundreds to thousands RB or Cy3 molecules, so each
RBDSNP or OB is no longer a point but a giant dipole with the
electric local field is hundreds or thousands times stronger than
that of each Cy5 dye molecule. Therefore, the transfer energy from

OBs to Cy5 molecules is the interaction between a big-dipole with
a point-dipole, so the magnitude of the electric field of OB-dipoles
can affect the interaction distance, making it scaling out.

For the case of the energy transfer between the dye molecules
and GNPs, the electric local field of GNP-acceptors is stronger than
that of molecular dyes, so they can interact at longer distance than
dye molecules-acceptors. As the dye doped nanoparticles
(DDNPs)-donors, these plasmon coupled dipole-acceptors cannot
be considered as the point-dipoles. The acceptor-dipole field de-
pends on the local plasmon field of GNPs, hence depends on the
size of GNPs. When both donor and acceptor are nanoparticles, the
energy transfer between them is the interaction between two
non-point-dipoles, depending on the magnitude of their local
electric field. The electric local field of GNP-acceptor is stronger
than that of Cy5 molecular dye-acceptor, so these GNP-dipoles can
interact at longer distance than Cy5 dye-dipole. The local field of
each CdTeQD-donor is stronger than that of each Cy5 dye mole-
cule-donor, so the CdTe QD-dipole can interact with the GNP-di-
pole at the distance larger than that of the Cy5 dye point-dipole
with the GNP-dipole. The transfer from RBDSNPs or OBs to GNPs is
the interaction between two dipoles of giant local field resulting in
a much extended distance of transfer. The transfer distance of
100 nm RBDSNPs-GNPs and OBs-GNPs pairs has not the same
value. This difference may be explained by the spectral difference
and the number of dye molecules entrapped inside the polymer
nanoparticles.

The transfer interaction between donor-acceptor pairs in this
work can be explained as the interaction between two dipoles
with different amplitude of electric field: the higher amplitude or
the stronger is the field, the longer is the transfer distance (Fig. 3).
The local field dependence of the critical distance of energy
transfer between nanoparticles also described as the working
distance of a “wave emitter station and antenna”. In this model,
the local field of dye molecules, gold and dye doped nanoparticles
(DDNPs) is considered as the power of a waver emitter station and
antenna. The more powerful station, the longer distance it can
emitted its wave. The bigger is the antenna, at the longer distance
it can detect the emitter signals. The local field of GNPs and DDNPs
is much higher than that of the dye molecules, so their waves can
cover a space much bigger than that of dye molecules.

3.2. Forster resonance energy transfer (FRET) and nanometal surface
energy transfer (NSET) theory

To explain the above model, we introduce a general formalism
to compute the FRET and NSET like rates for D-A systems. This
formalism includes a particular case of the standard Forster theory
and gives a simple explanation the experimental results in pre-
vious part. Consider a donor (emitter) and acceptor (absorber)
with spherical shape, arbitrary locations and orientations of
transition dipoles, as illustrated in Fig. 3.

Denote by (7, G+) and (B, Gp) the position and direction of the
effective transition dipole of the acceptor and donor, respectively.
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Fig. 2. Absorption, fluorescence spectra (left) and donor fluorescence intensity vs. acceptor concentration of D-A pairs (right): (a) OBs-Cy5 dyes, (b) Cy5 dyes-GNPs,
(c) CdTeQDs-GNPs, (d) RBDSNPs 20 and 100 nm-GNPs and (e) OBs-GNPs.
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Table 2
The transfer parameters of different D-A pairs.

53

Number Donor Acceptor Critical distance Roy/d (nm) Half quenching concentration C4 (particle/ml)
Type Size (nm) Type Size (nm) Calculated (nm) Experimental (nm)
1 OBs (Cy3 doped) 100 Cy5 dye molecules ~0.3-0.5 5.0+ 0.3 55.0+5.5 193 x 10"
2 GNPs 20 50+03 1854 + 100 1.03 x 10°
3 Cy5 Dye molecules ~0.3-0.5 72+ 04 18.0+15 3x 108
4 CdTe QDs ~4 6.5+0.3 384+2.0 155 x 10°
5 RBDSNPs 20 71+04 803 + 80 5.5 x 107
6 100 6.7+ 0.35 1161 + 100 1.03 x 10°

For electric-dipole transition (EI-El transfer), the normalized FRET
rate k = Ipa/Ip can be calculated by electric Green function method
[18]:

© dw

k= oalTo = 18megc? [ “2h @) @M @) s
where Ip, is the energy transfer rate from donor to acceptor, Iy is
the decay rate of donor in the absence of acceptor, w is the
emission frequency, c is the speed of light, f, () and f; (») are the
normalized emission spectrum of the donor and acceptor, re-
spectively. Denote by D(T, B; ) is the Green function, the func-
tion M is

- Lo = 2
M(@) = |Gp (w). D(1a, b; ). Ga(@)] ,

“@

and expressed by a Feynman diagram in Fig. 4 with vertex parts
Ga, Gp, and dressed photon propagator (Green function) D.
Using a some kinds of unified theory, we have [19]

1 1
M) = ™ K2Gp (0)2Gp (w)ZE[B. + (@R[0)? + (wR/C)“],

®)

where K? is the orientation factor of effective dipoles and can take
values from O (perpendicular transition effective dipoles) to 1
(parallel transition effective dipoles), and R = ‘? - _Ii;‘ is the dis-
tance between the acceptor and the donor.

The first term of Eq. (5) gives the standard Forster R~° distance
depending law with virtual photon (radiationless transfer, dom-
inate at very low frequency), while the third term leads to the R—?

Dye Molecule  Dye Molecule

Gold N\énopq&icle

Gp

D A

Fig. 4. The Feynman diagrams for fluorescence resonance energy transfer of a
donor fluorophore (D) and a nearby acceptor fluorophore (A).

law of Coulomb (radiative transfer, dominate at very high fre-
quency). Because both donor and acceptor have spherical shape,
the second term has a R~ law in unified theory is reasonably
considered due to the surface plasmon contribution (partly ra-
diationless and partly radiative transfer, dominate at medium
frequency). In the low and medium frequency range, neglecting
the third term of (5), the rate now is k = kr + ksp with Forster
(fluorescence) like kr = I¢[lp, and surface plasmon (SP) like
ksp = Lp [Ty parts. Considering vertex parts Ga (w) and Gp (w)are low
varying functions compare with spectral functions f; (w) and f; (),
we can bring them out from integral and give some average value.
For the case of FRET like

ke = 1?/1"0~(R0F/R)6, (6)

The "antenna" model

20 - 200 nm
Dye doped Nanoparticle

Few hundred nanometers to micrometers - -

Gold N%\:gopﬁicle

by Y
o

Fig. 3. Model “wave emitter station and antenna”.
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with the Forster radius
RSF = 3CKZG,%FG%F.’F’ @)

where C = 9/(8x) is a constant, Gar and Gpr are vertex parts, and
J=ct f0°° d—’: b (w)fy (w) is the D-A spectral overlap integral of

FRET-like mechanism.
In the case of NSET like

ksp = Fp|To~(Rosp/R)*, (8)
the in-spirit Forster radius can be defined as follows:

Rasp = CK2G3sp Gsplsp » 9

L)

where Gasp and Gpgp are vertex parts, and fp = 2 fo =h (@)fy (@)

is the D-A spectral overlap integral of NSET-like mechanism. Note
that, in the case of NSET with a gold nanoparticle acceptor, the R~*
distance dependence is observed for large particles [2,20].

For the case of standard FRET with two molecular dyes, we take
the vertex parts as dipole moment of atoms %), %,, the standard
Forster radius is

R§ = 3CK%u2uzly, (10)

and generally in the range 1-10 nm, here J, is the standard spec-
tral overlap integral.

From the structure of the Feynman diagram in Fig. 4, it is easy
to see that enhancement might came from the vertex parts (de-
pending on the properties of D, A and environment) or propagator
part (depending only on transfer photon and environment, which
characterized by a dielectric constant of media). Assume the en-
ergy transfer between donor and acceptor do not change the en-
vironment in which photon propagated, then the enhancement
just came from the vertex parts only. We introduce the vertex
enhancement factors 7, i = F, SP by definition

[cﬁi][cl%,»)
=i =5 1~ =2 |
Ha )\ Bp an

Assume that the spectral overlap integrals J. and J; are in the
same order, we have

(M)GNW (@]4~,, ke \pa
Ro) ™" | Ro "\ o (12)

In the case of spherical GNPs acceptor Ga, ~ ga3/2[4}/?, where a
is the radius, 4p is the plasmon wavelength, and g is defined as
2 = (8n — &ut)/(&n + 2&ut ), here g, is the dielectric constant of the
metal nanoparticle, and &, is the dielectric constant of external
environment [17,18]. The maximum g-enhancement occurs when
the denominator of g approaches zero (g, ~ — 2&y ) and typically
g~10-10% The radius of GNPs usually is taken in the range 5-
100 nm, thus the a-enhancement is about 102. Thus the GNP-en-
hancement 7,z ~106 — 108.

For the case of fluorescent nanoparticle donor with the size 10—
100 nm containing several thousand molecular dyes, for example
N=3400 in 100 nm silica NPs, beside that the local field also in-
creased by the Claussius—Mossotti relation, o)
mor = (Gpr [pp )>~N2~107 — 108.

Taking into account together the total enhancement factor
7 ~1013 — 106, we estimate that Ror/Rg~10? — 5-102, thus the For-
ster radius of FRET-like mechanism Ror can reach to pm scale. This
result can be applied to explain the experimental value
Rp=55.0 nm of OB-Cy5 molecule pair on our experiment.

To estimate the Forster radius of NSET-like mechanism Rgsp,

© dw

considering Jp ~ C2opa o En(w)ﬁ\ (@) = Jor [ 1aax» WheTe  @max

and Amax is the maximal frequency and wavelength of transition,
we have
(ROSP/RO)4 ~ sp Rg]SP /]0’“(1/3)(R0//1max)2’)f7 N]O_SUF ~108 — 10“.

that Rosp/Ro~102 — 6.102 as the same order of Ror/Ro. We note here
both Ror and Rosp can reach to pm scale but NSET-like mechanism
can give greater transfer distance due to the R~* law as observed
on our experiments. This theory results can explain the experi-
mental giant transfer distance observed in our experiment.

4. Conclusion

The FRET and NSET critical transfer distances Ry and dy between
various type of D-A fluorophore pairs have been investigated,
where dye molecules, quantum dots and fluorescent nanoparticles
are donor D, dye molecules and gold nanoparticles are acceptor A.
When D is fluorescent nanoparticles and A is dye molecules, the
experimental value of Ry is larger than 10 nm. The experimental
value of d is few ten nanometers when dye molecules or quantum
dots are donors and gold nanoparticles are acceptors. For the first
time, a giant distance energy transfer phenomenon has been ob-
served with very large critical transfer distance reached to mi-
crometers when dye doped nanoparticles are donors and gold
nanoparticles are acceptors. The model “wave emitter station and
antenna” is given to explain the local field dependence of the
critical distance of energy transfer between nanoparticles. The
theoretical compute shows that the critical distance of both FRET
like and NSET like cases can reach to pm scale when the total
enhancement factor 5 ~10'3 — 10'6. Other experimental and the-
oretical works should be carried out to clarify this giant distance of
resonance energy transfer. The obtained results can be used for
photonic and biophotonic applications.
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