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Recently, we theoretically demonstrate that utilization of silica nanobeads co-doped with Cy3
and Cy5 molecules instead of single dye molecules as °uorescent labels can enable optical res-
olutions far beyond the di®raction-limit. Here, we show that by combining the 4Pi microscopy
and the novel °uorescent label, it is possible to completely suppress the sidelobes in 4Pi focal spot
and signi¯cantly enhance the optical resolution in the axial direction.
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1. Introduction

Optical microscopy has long been an indispensible

tool for bio-imaging because of its advantages in

terms of contrast, chemical speci¯city, three-dimen-

sional sectioning capability, and so on. However, due

to the quantum nature of light wave, the resolution

for far-¯eld optical imaging had long been limited to

around half of the wavelength of the excitation light,

which was found by Ernst Abbe in 1873 and is now

well known as the di®raction limit. Recently, three-

dimensional (3D) far-¯eld optical imaging with a

resolution beyond di®raction limit has attracted
signi¯cant attention due to its potential for achieving
electronmicroscope resolution in living cell imaging.1

Several innovative techniques have been proposed,
such as stimulated emission depletion microscopy
(STED),2 stochastic optical reconstruction mi-
croscopy (STORM),3 photoactivatable localization
microscopy (PALM),4 saturated pattern excitation
microscopy (SPEM),5 4Pi microscopies,6,7 and so on.
Generally speaking, super-resolution microscopes
demonstrated so far are more complex and more ex-
pensive than a conventional scanning °uorescence
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microscope in terms of focal geometry5�7 and exci-
tation light source.2�4

Recently, it has been found that super-resolution
in 3D far-¯eld imaging can be achieved with a
conventional scanning °uorescence microscope
based on linear °uorescence excitation, taking
advantage of the saturation e®ect in the F€orster
resonant energy transfer (FRET) process between
closely-spaced dye molecules.8,9 The so-called satu-
rated F€orster resonant energy transfer microscopy
(SFM), if combined with other super-resolution
imaging techniques such as STED (termed FASTED
in Ref. 9), will further allow for bringing down the
imaging resolution to single molecular scale.

On the other hand, for 3D far-¯eld imaging,
another important issue is the unbalanced lateral
and axial resolutions, as the focal spot created by a
single objective lens always elongates along the
axial direction.10,11 To resolve this issue, it is
recently found that simultaneous spatio-temporal
focusing of a femtosecond laser pulse can provide
isotropic resolution in all three dimensions by
e®ectively reducing the confocal length.12,13 Unfor-
tunately, the temporal focusing technique is only
applicable for °uorescence imaging based on mul-
tiphoton excitation, which requires use of longer
wavelength and therefore usually results in degra-
dation of optical resolution.14,15 Another technique
that is particularly e®ective for improving the axial
resolution is the 4Pi microscopy, proposed by Hell
et al., in 1992.10 However, one important drawback
for 4Pi microscopy based on one-photon excitation
is the strong sidelobes produced next to the main
focal spot, which frequently results in artifacts. An
elegant way to realize a nearly complete suppression
of the sidelobes is to use two-color two-photon ex-
citation in 4Pi microscope, as proposed by Chen
et al., which theoretically showed that an axial
resolution of �78 nm can be achieved.7 Never-
theless, the 4Pi 2C2P microscopy, which improves
the axial resolution purely by increasing aperture
angle of the focusing system, is essentially not an
imaging technique that truly breaks the barrier of
di®raction limit. In this contribution, we show that
combination of the 4Pi microscopy and the SFM
can provide signi¯cant advantages. First of all, the
axial resolution can be greatly enhanced; secondly,
the sidelobes in the focal spot produced by the
4Pi focusing system can be completely removed,
giving rise to a clean background for bio-imaging
applications.

2. Theoretical Background of 4Pi SFM

We have built a set of coupled rate equations for
calculating the excitation probabilities for both
donor and accepter dyes in silica nanobeads co-
doped with Cy3 and Cy5 molecules (we assume that
all the Cy3 and Cy5 molecules are closely spaced
within a small area so that the FRET process
between the Cy3 and Cy5 molecules occurs with a
very high e±ciency, e.g.,�100%) in Ref. 8, which are
given again below for readers' convenience:

dnE
D

dt
¼ nG

DIE�E � nE
DðkD þ kF Þ

dnE
A

dt
¼ nE

DkF � nE
AkA

8>>><
>>>:

; if nG
A � nE

D;

ð1aÞ
dnE

D

dt
¼ nG

DIE�E � nE
DkD � nG

AkF

dnE
A

dt
¼ nG

AkF � nE
AkA

8>>>><
>>>>:

; if nG
A � nE

D;

ð1bÞ
nG
D þ nE

D ¼ ND; ð1cÞ
nG
A þ nE

A ¼ NA; ð1dÞ

where nE
DðAÞ and nG

DðAÞ are the probabilities of the
donor (acceptor) molecules at the excited and
ground states, respectively. The excitation wave-
length is carefully selected so as to excite only the
donor molecules while the excitation of the acceptor
molecules can be e±ciently avoided, owing to the
separated excitation spectral peaks of the donor and
acceptor molecules. The laser intensity used for
excitation of the donor is de¯ned as IE, and the
excitation cross-section of the donor is de¯ned as �E.
In addition, kD ¼ 1=�D, kA ¼ 1=�A, and kF are the
rates of spontaneous emission from donor, acceptor,
and the rate of energy transfer from donor to
acceptor, respectively; and �D and �A are the spon-
taneous emission lifetimes of donor and acceptor
molecules, respectively. It is noteworthy that in
deriving Eqs. (1a)�(1d), we have assumed that the
vibrational decay rates for both the donor and
acceptor are much higher than kD, kA, and kF . That
is to say, the donors and acceptors are assumed to
relax to the lowest vibrational energy levels of their
excited states almost instantly after being excited.
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This condition is generally ful¯lled for many dyes as
the typical time scale of the vibrational decay is on
the picosecond level, whereas the time scale of the
spontaneous °uorescence emission is typically on the
nanosecond level.

The physical picture corresponding to Eqs. (1)
is illustrated in Fig. 1 and brie°y explained as fol-
lows. At a low excitation intensity, the excited
donor will be quenched by e±ciently transferring its
energy to the surrounding acceptors whenever there
is unexcited acceptor molecules. However, at a high
excitation intensity, the excited donor will be only
partially quenched because of the limited spon-
taneous-emission-induced decay rate of the accep-
tors. The donors remaining at the excited state can
then emit °uorescence light.

For continuous-wave (CW) excitation, the proba-
bility for the donor molecule staying at the excited
state can be obtained as8

nE
D ¼ NDIE�E=ðIE�E þ kD þ kF Þ;
if nG

A ¼ NA � ðkF=kAÞnE
D � nE

D;

8<
: ð2aÞ

nE
D ¼ ½NDIE�E � ðNAkAkF Þ=ðkA þ kF Þ�=

ðIE�E þ kDÞ;
if nG

A ¼ NAkA=ðkA þ kF Þ � nE
D:

8>><
>>:

ð2bÞ

Since the °uorescence intensity is proportional to nE
D,

we can calculate the optical resolution using Eq. (2).

3. Results

Our calculations are carried out using Eq. (2).
Speci¯cally, we assume that Cy3 and Cy5 dye
molecules are used for constructing the silica
nanobeads co-doped with donor and acceptor mol-
ecules, although in principle any FRET dyes that
can ensure a high energy transfer e±ciency (e.g.,
nearly �100%) can be chosen for the SFM appli-
cation. For the Cy3 and Cy5 molecules, we have
kD � 3:3kA, which is determined by the °uorescence
lifetimes of Cy3 (�0.3 ns) and Cy5 (�1 ns). Figure 2
illustrates the absorption and emission spectra of
Cy3 and Cy5 molecules as well as the excitation
wavelength and detection waveband chosen in our
numerical simulation.

In Figs. 3(a) and 3(b), we compare the point-
spread functions (PSFs) of a conventional confocal
scanning °uorescence microscope equipped with an
oil immersion objective of a numerical aperture
(NA) of 1.40 (refractive index of oil: 1.51; semi-
aperture angle: 67�Þ for two di®erent kinds of °u-
orescent labels, namely, single Cy3 dye molecules
and the silica nanobeads co-doped with Cy3 and
Cy5 molecules, respectively. For both cases, we
choose an excitation wavelength of 510 nm at which
a high excitation e±ciency of Cy3 molecules can be
warranted whereas the excitation of Cy5 molecules
can essentially be avoided (thus we can neglect the
excitation of acceptor). Furthermore, the peak
intensity at the center of the focal spot of the ex-
citation beam is chosen to be IP ¼ 3kA=�E. Under

Fig. 1. Schematic of the energy transfer dynamics in silica
nanobeads co-doped with Cy3 and Cy5 molecules experiencing
donor excitation and FRET between donor and acceptor.

Fig. 2. Absorption and emission spectra of Cy3 and Cy5 dye
molecules. Wavelengths of the excitation and detection light
are also indicated.
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these conditions, Fig. 3(a) shows the familiar PSF of
the conventional scanning °uorescence microscope
as one can expect; whereas in Fig. 3(b), the PSF of
the same scanning °uorescence microscope, which
uses the dye-co-doped silica nanobeads instead of
the Cy3 molecules as °uorescence labels, is signi¯-
cantly size-reduced. The lateral and axial resol-
utions (full width at half-maximum, FWHM) for
the PSF shown in Fig. 3(b) are calculated to be
�163 and �438 nm, respectively. For comparison,
the lateral and axial resolutions obtained at IP ¼
3kA=�E for the conventional scanning °uorescence
microscope are, respectively, �222 and �596 nm as
shown in Fig. 3(a).

Shifting the peak excitation intensity close to
(but still above) the threshold intensity IThreshold ¼
kA=�E leads to further improved spatial resolutions,
as evidenced by the PSFs presented in Fig. 3(c). In
Fig. 3(c), the peak excitation intensity is chosen to
be IP ¼ 2kA=�E, resulting in FWHM resolutions of
�130 and �352 nm in the lateral and longitudinal
directions, respectively. In Fig. 3(d), the peak exci-
tation intensity is further reduced to IP ¼ 1:8kA=�E,
resulting in FWHM resolutions of �120 and
�326 nm in the lateral and longitudinal directions,
respectively. In all these cases, we clearly see that the
axial resolutions are much worse than the lateral
ones, which, as we will see below, can be improved by

Fig. 3. Intensity distributions of °uorescence from Cy3 molecules excited by a CW beam at 510 nm when (a) single Cy3 dye
molecules and (b)�(d) dye-co-doped nanobeads are used as °uorescent probes. Here, the results are obtained with a confocal
microscope. The peak intensities at the center of the focal spot of the excitation beam are chosen to be (a), (b) 3kA=�E , (c) 2kA=�E ,
and (d) 1:8kA=�E . Color bar is given on the right-hand side in this ¯gure.
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employing the 4Pi focusing scheme. It is also note-
worthy that although the peak excitation intensities
for calculating the results in Figs. 3(c) and 3(d)
are close, they will result in quite di®erent results
in terms of sidelobe intensity for the 4Pi-SFM
microscopy [see Figs. 4(c) and 4(d)].

In Fig. 4, we compare the point-spread functions
(PSFs) of 4Pi [Fig. 4(a)] and 4Pi-SFM [Figs. 4(b)�
4(d)] microscopes equipped with a pair of oil
immersion objective lenses with a numerical aper-
ture (NA) of 1.40, same as that used in Fig. 3. All
the other conditions, such as the excitation and
detection wavelengths, as well as the dye labels, are
the same as those used in Fig. 3. Also, the results in

Figs. 4(b)�4(d) are obtained by assuming the exci-
tation intensities to be IP ¼ 3kA=�E, IP ¼ 2kA=�E,
IP ¼ 1:8kA=�E, respectively. One can clearly see
that in Fig. 4(b), the axial resolution is greatly
improved. The axial FWHM width of the central
lobe in Fig. 4(b) is only�98 nm. However, it can also
be seen that in Fig. 4(b), the sidelobes still remain
strong. This is because of the relatively high exci-
tation intensity at which the FRET process has
already saturated at the central areas of the side-
lobes. As we can see in Fig. 4(c), when the peak
excitation intensity is reduced to IP ¼ 2kA=�E, the
sidelobes almost disappear. By further reducing
the peak excitation intensity to IP ¼ 1:8kA=�E,

Fig. 4. Intensity distributions of °uorescence from Cy3 molecules excited by a CW beam at 510 nm when (a) single Cy3 dye
molecules and (b)�(d) dye-co-doped nanobeads are used as °uorescent probes. Here, the results are obtained with a 4Pi microscope.
The peak intensities at the center of the focal spot of the excitation beam are chosen to be (a), (b) 3kA=�E , (c) 2kA=�E , and (d)
1:8kA=�E . Color bar is given on the right-hand side in this ¯gure.
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the sidelobes can be completely suppressed in
Fig. 4(d). Under this condition, the axial resolution
can be improved to �73 nm, which is eight-fold
enhanced as compared to that achievable with a
conventional confocal microscope.

4. Conclusion

In conclusion, we have shown that the combination
of 4Pi and SFM imaging techniques using dye-co-
doped silica nanobeads can result in very high axial
resolutions far beyond the di®raction limit, and
consequently, lead to nearly isotropic resolution in
all the three dimensions in space. In addition, since
at a relatively low excitation intensity, the donor
molecules can be e®ectively quenched via the FRET
process, the sidelobes in the focal spot produced by
the conventional 4Pi focusing system can be com-
pletely removed by carefully choosing the excitation
intensity, leading to a clean background for bio-
imaging using the single-photon 4Pi microscope.
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