
Breaking the diffraction-limited resolution
barrier in fiber-optical two-photon
fluorescence endoscopy by an
azimuthally-polarized beam
Min Gu, Hong Kang & Xiangping Li

Centre for Micro-Photonics, Faculty of Engineering & Industrial Sciences, Swinburne University of Technology, Hawthorn, Victoria
3122, Australia.

Although fiber-optical two-photon endoscopy has been recognized as a potential high-resolution diagnostic
and therapeutic procedure in vivo, its resolution is limited by the optical diffraction nature to a few
micrometers due to the low numerical aperture of an endoscopic objective. On the other hand, stimulated
emission depletion (STED) achieved by a circularly-polarized vortex beam has been used to break the
diffraction-limited resolution barrier in a bulky microscope. It has been a challenge to apply the STED
principle to a fiber-optical two-photon endoscope as a circular polarization state cannot be maintained due
to the birefringence of a fiber. Here, we demonstrate the first fiber-optical STED two-photon endoscope
using an azimuthally-polarized beam directly generated from a double-clad fiber. As such, the
diffraction-limited resolution barrier of fiber-optical two-photon endoscopy can be broken by a factor of
three. Our new accomplishment has paved a robust way for high-resolution in vivo biomedical studies.

S
ince the invention of two-photon fluorescence microscopy that adopts a high numerical aperture (NA)
objective1,2 to enables three-dimensional (3D) imaging through tissue with image resolution a sub-micro-
meter scale1–3, significant progress has been made in developing fiber-optical two-photon endoscopy with a

compact probe4–12. However, the advance of image resolution in fiber-optical two-photon endoscopy has reached
only a few micrometers due to the optical diffraction barrier of a low NA objective. Typically, the image resolution
for an endoscope probe with NA 5 0.356 is approximately 1.75l (or 1.24l for two-photon image resolution),
which makes it impossible to obtain the sub-wavelength details of organs that can provide valuable information
for early diagnosis of diseases and for understanding complex mechanisms of bio-phenomena4,5,13.

Recently, stimulated emission depletion (STED) microscopy has been demonstrated to be a powerful tool to
break far-field resolution barrier14–18. In a typical table-top STED microscope14,16, a Gaussian-shaped excitation
focal spot is overlapped with a doughnut-shaped STED focal spot featuring a zero-intensity point at the focal
center for the depletion of fluorophores. For a high NA objective in a bulky STED system, a circular doughnut-
shaped focal spot can be generated only under the illumination of a circularly-polarized beam superposed with a
phase vortex of appropriate handedness and topological charge14,19,20. However, this kind of the illumination
condition cannot be met through a length of optical fiber because of its birefringence. On the other hand, it has
been theoretically predicted that the azimuthally polarized beam with a doughnut shape could be used to perform
STED in a table-top microscope21–25. In particular, cylindrically polarized beams including azimuthally polarized
and radially polarized modes could be directly generated from single-clad fibers26,27. Here, we demonstrate for the
first time that STED fluorescence imaging can be achieved in the compact fiber-optical endoscopy system with an
azimuthally-polarized beam generated from the core of a double-clad fiber (DCF). Our experimental results have
demonstrated that the diffraction-limited resolution barrier can be broken by a factor of 3. Consequently, the
highest image resolution of 310 nm is achieved for the endoscopic probe of NA 5 0.35, which should correspond
to the image resolution of 75 nm if the NA was 1.2.

Results
Doughnut focal spot generated by an azimuthally-polarized beam. The zero central intensity, the size and the
small full width at half maximum (FWHM) of a doughnut shaped focal spot are three key elements in achieving
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an efficient STED process14–18. In a bulky STED microscope, a
circularly-polarized vortex beam is commonly used for generating
a circular focal spot with the zero central intensity19. However, the
light phase variation through optical fibers makes the maintenance of
the circular polarization state at the distal end of fibers impossible. In
fact, the cylindrically-polarized (azimuthally or radially polarized)
beams, which can be considered as a superposition of the circularly-
polarized vortex beams of opposite handedness28–30, can be generated
at the distal end of fibers by manipulating the input polarization and
phase27. According to the diffraction theory31 (see Methods), the focal
spot of an azimuthally-polarized beam by a low NA objective is
doughnut-shaped with pure transverse polarization in the focal
plane (see Fig. 1), while that of a radially-polarized beam is not
(see Supplementary Fig. S1).

In general, the size and the FWHM of the doughnut rings in the
focal plane are determined by the topological charge n of the vortex
and the polarization state of an incoming beam19,30,32. As shown in
Fig. 1 and Supplementary Fig. S1, for both an azimuthally- and a

radially-polarized beams with topological charge 1, no doughnut-
shaped focal spot can be generated. However, both an azimuthally-
polarized and a radially-polarized vortex beams with topological
charge 2 or higher can generate a doughnut-shaped focal spot28,30,32.
For comparison, the size of the doughnut shape for an azimuthally-
polarized beam, a circularly-polarized beam with n 5 1, an azimuth-
ally-polarized vortex beam with n 5 2, and a radially-polarized
vortex beam with n 5 2 is 635 nm, 649 nm, 650 nm, and 676 nm,
respectively, corresponding to the peak intensity of 0.004, 0.0032,
0.0021, and 0.0021 (normalized to the given incident power).
Although, they are all suitable to achieve effective STED, an azimuth-
ally-polarized beam is capable of generating the smallest FWHM and
the highest peak intensity at the focal plane (Supplementary Figs. S2a
and S2b and Supplementary Discussion), which is advantageous at
the distal end of fibers for fiber-optical STED two-photon fluor-
escence endoscopy. In addition, the unique nature of the pure trans-
verse polarization in the focal plane of an azimuthally-polarized
beam can maximize the depletion efficiency for the given power.

Figure 1 | Point spread function analysis for an objective with NA 5 0.35. (a) Schematic of coupling both the excitation and depletion beams through

the core of the double-clad fiber. (b), (c) and (d) Calculated 3D intensity distribution (point spread function), intensity distribution in the focal plane and

intensity cross-section along the direction as marked in (c) for the excitation (linearly-polarized) beam at the wavelength of 800 nm. (e), (f) and (g)

Calculated 3D intensity distribution (point spread function), intensity distribution in the focal plane and intensity cross-section along the direction as

marked in (f) for the depletion (azimuthally-polarized) beam at the wavelength of 592 nm. The surfaces in (b) and (e) correspond to the 0.53 peak

intensity. The grey square box represents the x-y plane at z 5 0.
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Fiber-optical STED two-photon fluorescence endoscope. The
design of the fiber-optical STED two-photon endoscope is based
on the nonlinear optical endoscopy system that uses the core of a
DCF (Fibercore SMM900) to deliver near infrared ultra-short optical
pulses at the wavelength of 800 nm (in a fundamental mode) from a
Ti:Sapphire femtosecond (FS) laser (Spectra-Physics: Mai-Tai)
(Fig. 2a)6,33,34. To maximize the excitation efficiency, a pair of
gratings is used as pre-chirp unit in the dispersion compensation
module (DCM) (see Methods).

For breaking the diffraction-limited resolution barrier through the
STED mechanism14, we add a continuous wave (CW) fiber laser
beam (MPB Communications Inc.) at the wavelength of 592 nm as
a depletion beam (Figs. 1 and 2). Because of the cutting-off wave-
length of the DCF at 900 nm, the core of the DCF can support both
the fundamental mode at the wavelength of 800 nm and the higher-
order mode at the wavelength of 592 nm. To convert the higher-
order mode into an azimuthally-polarized beam, we adopt a phase
modulation module (PMM) that comprises of a half-wave plate
(HWP), a vortex phase plate (VPP) (n 5 1) and a quarter-wave plate
(QWP) to control the incident phase of the CW beam before it is
coupled into the core of the DCF. Thus, focusing the beams coming
from the fiber core with the micro-probe results in a Gaussian-
shaped and a doughnut-shaped focal spots at wavelengths 800 nm
and 592 nm (Figs. 2b–2f), as predicted by Figs. 1c and 1f. The experi-
mental result at the wavelength of 800 nm shows that the FWHM is
approximately 1500 nm (Fig. 2d), which approaches the theoretical
predictions (Fig. 1d).

The intensity uniformity of the generated doughnut focal spot
can be optimized by adjusting the orientations of the HWP and

the QWP, as demonstrated in Figs. 3a and 3b. It can be seen that
a doughnut-shaped laser beam with an optimized intensity uni-
formity of approximately 86.7% can be achieved in the focal
region by launching an elliptically polarized beam with topo-
logical charge of 1 (Fig. 2e), which is different from the genera-
tion of azimuthally polarized modes through a single clad optical
fibers26,27. The FWHM of such a laser beam is approximately
630 nm (Fig. 2f), which shows good agreement with the calcu-
lated FWHM (Fig. 1g). The generation of the azimuthal polar-
ization state is further verified experimentally (Figs. 3c–3g). To
achieve the maximum depletion efficiency, the two-photon
excitation process should be optimized, which is realized by the
compensation for the chromatic dispersion by a pair of gratings6

(see Supplementary Discussion), as shown in Supplementary
Fig. S3.

Breaking the diffraction-limited resolution barrier. Figures 4a–4d
present the fiber-optical STED two-photon endoscopic imaging of
100 nm fluorescent microspheres (Molecular Probes). As indicated
in Fig. 4a, it is difficult to distinguish the two microspheres in the
yellow square. However, as the depletion beam power is increased,
the two microspheres are clearly separated (Figs. 4b–4d) and the
FWHM of the bead images eventually reach a value of 310 nm
(Fig. 4e), which breaks the diffraction-limited resolution barrier by
a factor of three.

To confirm the image resolution in the fiber-optical STED two-
photon endoscope, the effective intensity point spread function of
the STED imaging is described as follows, which embraces two-
photon excitation and one-photon depletion,

Figure 2 | Experimental setup. (a) Generation of the linearly-polarized excitation beam at the wavelength of 800 nm and the azimuthally-polarized

depletion beam at the wavelength of 592 nm in a fiber-optical STED two-photon endoscope. DCM: Dispersion compensation module. PMM: Phase

modulation module. PMT: Photomultiplier tube. (b) 3D plots of the focal spot achieved by the overlapping of the excitation and depletion beams in the

focal region. (c) and (d): Image and cross-section of the focal spot of the excitation beam. (e) and (f): Image and cross-section of a doughnut shaped focal

spot of the depletion beam. The grey squares represent the focal planes of the excitation and depletion beams.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 3627 | DOI: 10.1038/srep03627 3



EEff

�� ��2 x, yð Þ~ EExcj j4 x, yð Þ exp {f| ESTEDj j2 x, yð Þ|PSTED
� �

, ð1Þ

where EExc (x, y) and ESTED (x, y) corresponding to the excitation PSF
and depletion PSF can be written as equations (9) and (2) (see
Methods), respectively. f is the saturation factor of the depletion
and is related to the material specification and PSTED is the power
of the depletion beam in the focal region. Given the largest fluor-
escence depletion rate, f is equal to 0.064. The FWHMs of the PSF at
different levels of the depletion beam power (Supplementary Fig. S4)
are in good agreement with the corresponding experimental results
(Fig. 4e). Fiber-optical STED two-photon fluorescence endoscopy
brings a transforming future for diagnosing micro-structures in vivo
and even conducting micro-surgery with precise control.

Discussion
Further increasing the image resolution in our system requires the
higher depletion power, which may not be realistic and could lead to
the damage to a sample when the depletion power is higher than
100 mW. However, a factor-of-three increase in the image resolution
is an optimized result for the given microsphere sample used in this
paper. To confirm this point, we theoretically reveal the fiber-optical
STED two-photon fluorescence microscope with NA 5 1.2 can result
in the image resolution of 75 nm for the depletion power of 100 mW
(Fig. 4e) due to the high peak intensity of the depletion beam (see
Supplementary Figs. S2c and S2d and Supplementary Discussion),
revealing an increase of the image resolution by a factor of three. Of
course, if fast fluorophores with a steep depletion curve or a large
depletion rate (f) were used, our fiber-optical STED two-photon
fluorescence endoscope could result in the image resolution better
than 100 nm. Alternatively, a fast scanning mechanism is capable of
enhancing the depletion efficiency by avoiding the re-excitation of a
fluorophore.

It should be noted that improving the axial resolution with the
STED principle in the DCF endoscope system might also be possible.
One of the ways is to use the superposition of a radial polarization
beam with an azimuthal polarization beam in combination with a
concentric p phase-shift wave plate, which can produce a 3D con-
finement in the focus and can be adopted for improving axial reso-
lution35. The approach can be implemented in the DCF, although this
process might increase the complexity of the illumination optical
setup.

Figure 3 | Generation of an azimuthally-polarized beam from the core of
a DCF. (a) Experimental setup for the determination of the light

polarization state in the focal region. a is the angle between the fast axes of

the HWP and the QWP. (b) Optimization of a doughnut azimuthally-

polarized beam for the high intensity uniformity at the output end of the

DCF. The insets in (b) are CCD images corresponding to a of 22.5u, 72.5u,
102.5u, 152.5u and 202.5u, respectively. The intensity uniformity of the

depletion beam is defined as 1{
Imax{Imin

ImaxzImin

� �
, where Imax and Imin are the

maximum and the minimum intensity along the doughnut ring of the

azimuthally-polarized beam. (c)–(g): Characterization of the azimuthally-

polarized beam in the focal region with an analyzer when it is placed at 0u,
30u, 45u, 60u and 90u with respect to the x direction. The arrows in (c)–(g)

represent the direction of the analyzer. The scale bars are 470 nm.

Figure 4 | Break the diffraction-limited resolution barrier. Fiber-optical STED two-photon endoscopic images of fluorescent microspheres at the

power levels of 5 mW (a), 10 mW (b), 30 mW (c) and 70 mW (d), respectively. The insets are the enlarged images corresponding to the those in the

yellow square. (e) The comparison of the measured and calculated FWHM values as a function of the depletion beam power for the bead images. The

green curve represents the calculated FWHM values as a function of the depletion beam power for NA 5 1.2 at a coverglass/water interface (n1/n2 5 1.515/

1.33). The scale bars are 1.3 mm. The circled points in (e) correspond to the two-photon endoscopic images shown in (a)–(d).
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Methods
Comparison of the doughnut focal spots. According to the diffraction theory31, the
focal spot of an objective, i.e. the point spread function (PSF) for an objective
illuminated by azimuthally-polarized and radially-polarized beams can be described,
respectively, as

E r2, y, z2ð Þ~ p

l
Ixi{iIyj
� �

, ð2Þ

where the definitions of the two variables Ix and Iy are given by

Ix~

ða

0
P hð Þ sin h inz1 exp i(nz1)y½ �Jnz1 kr2 sin hð Þ{in{1

	

exp i n{1ð Þy½ �Jn{1 kr2 sin hð Þg exp {ikz2 cos hð Þdh,

ð3Þ

Iy~

ða

0
P hð Þ sin h inz1 exp i nz1ð Þy½ �Jnz1 kr2 sin hð Þzin{1

	

exp i n{1ð Þy½ �Jn{1 kr2 sin hð Þg exp {ikz2 cos hð Þdh:

ð4Þ

and

E r2, y, z2ð Þ~ pi
4l

Ixi{iIyjz4Izk
	 


, ð5Þ

where the definitions of the three variables Ix, Iy and Iz are given by

Ix~

ða

0
P hð Þ sin 2h inz1 exp i nz1ð Þy½ �Jnz1 kr2 sin hð Þzin{1

	

exp i n{1ð Þy½ �Jn{1 kr2 sin hð Þg exp {ikz2 cos hð Þdh,

ð6Þ

Iy~

ða

0
P hð Þ sin 2h inz1 exp½i(nz1)y�Jnz1(kr2 sin h){in{1

	

exp i n{1ð Þy½ �Jn{1 kr2 sin hð Þg exp {ikz2 cos hð Þdh,

ð7Þ

Iz~

ða

0
P hð Þ sin2 hin exp inyð ÞJn kr2 sin hð Þ exp {ikz2 cos hð Þdh: ð8Þ

Here Jn21 and Jn11 are the (n 2 1)th order and the (n 1 1)th order Bessel function of
the first kind, respectively. n depicts the topological charge. a is determined by the NA
of an objective and can be described as arcsin(NA/n1), where n1 is the refractive index
of the immersion medium. k is the wave vector in the medium. h is the radial
coordinate on the spherical surface of the objective. P(h) is the sine condition of the
apodization function.

A Gaussian-shaped laser beam as an excitation source can be described as

E r2, y, z2ð Þ~ pi
l

I0z cos 2yð ÞI2½ �iz sin 2yð Þjz2iI1 cos ykf g, ð9Þ

where the definitions of I0, I1 and I2 are given by

I0~

ða

0
P hð Þsinh 1z cos hð ÞJ0 kr2 sin hð Þ exp {ikz2 cos hð Þdh, ð10Þ

I1~

ða

0
P hð Þ sin2 hJ1 kr2 sin hð Þ exp {ikz2 cos hð Þdh, ð11Þ

I2~

ða

0
P hð Þ sinh 1{ cos hð ÞJ2 kr2 sin hð Þ exp {ikz2 cos hð Þdh, ð12Þ

Through this paper, we adopt the wavelength of 800 nm for excitation and the
wavelength of 592 nm for de-excitation through the STED process.

Fiber-optical two-photon fluorescence endoscope. The chromatic dispersion of the
DCF which broadens the pulses is pre-chirped by a pair of gratings (400 grooves/mm,
Newport) in the DCM6. At the distal end of the DCF, a multiple element objective
(NA 5 0.35) inside a small probe (diameter: 5 mm; length: 41 mm) (Fig. 2a) focuses
the pulsed laser beam from the DCF to a specimen. This objective lens is designed for
multi-wavelengths focusing and its chromatic aberration is well corrected and
optimized6,36,37. The focused optical pulses excite the two-photon fluorescence signal
from the specimen. The signal is collected by the inner cladding of the DCF and sent
to a photomultiplier tube (PMT) after being filtered by several band-pass optical
filters. A micro-scanner inside the probe scans the DCF tip in three dimensions (3D)
at a real-time display rate of 0.4 mm2/s, which can achieve a field of view (FOV) of
475 mm 3 475 mm with a penetration depth up to 250 mm. The PMT detection and
the 3D scanning are synchronized by an electronic system, so 3D images of the
specimen can be displayed and stored by a computer6.
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