
2PE-STED Microscopy with a Single Ti: Sapphire Laser for
Reduced Illumination
Qifeng Li1,2*, Yang Wang1, Da Chen1,2*, Sherry S. H. Wu3

1 College of Precision Instrument and Optoelectronics Engineering, Tianjin University, Tianjin, China, 2 Tianjin Key Laboratory of Biomedical Detecting Techniques and

Instruments, Tianjin, China, 3 Department of Chemistry, University of British Columbia, Vancouver, British Columbia, Canada

Abstract

We reported a new effective approach to carry out two-photon excitation stimulated emission depletion (2PE-STED)
microscopy using a single Ti:sapphire laser system. With an acoustic-optic Bragg cell, the modulated-CW 2PE STED
microscope had the benefits of both CW and pulse approaches: lower input power, simple optical scheme and no
complicated synchronization. Additionally, it also took advantages of fluorescence yield increasing. The sub-diffraction-limit
resolution was demonstrated using ATTO 425-tagged clathrin-coated vesicles.
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Introduction

Fluorescence microscopy is one of the most powerful techniques

available for biological studies. [1] However, because of the

diffraction limit, the resolution of a far-field fluorescent microscope

is typically no better than 200 nm. To visualize cellular structures

smaller than 200 nm, scientists have been relying on electron

microscopes (EM). Although EM has very high resolution, [2] it

has many practical issues that limit its utility for biological studies.

The interaction between the electrons and the sample prohibits

the electrons from penetrating deep into the sample. [3]

Therefore, a sample for EM must be fixed and thin-sectioned,

which may result in artifacts. Recent developments in super

resolution optical microscopy, such as stimulated emission

depletion (STED) [4], photoactivated localization microscopy

(PALM) [5,6], stochastic optical reconstruction microscopy

(STORM) [7], and structure illumination microscopy (SIM) [8]

have achieved sub-diffraction-limit resolution. [9] While SIM,

PALM, and STORM require mathematical reconstructions to

obtain a high-resolution image, STED does not. However, setting

up a STED microscope is costly because it involves two lasers at

different wavelengths. Earlier STED microscopes used two

synchronized trains of pulses: one excitation pulse of typically less

than 100 ps duration followed by a 200 ps pulse for depletion.

[10–12] In these setups, the depletion pulses in the visible region

were typically generated in an optical parametric oscillator (OPO),

stretched to 200 ps, and then synchronized with the excitation

pulse. More recently, it was shown that STED microscopy can be

implemented with CW lasers, simplifying the instrumental

requirement for STED microscopy. [13].

Ti:sapphire lasers are one of the most popular lasers in research

labs. It provides a cost effective possibility for two-photon

excitation (2PE) CW-STED. A typical Ti:sapphire laser consists

of a CW pump laser at 532 nm and a Ti:sapphire oscillator to

generate femtosecond pulses in the range of 700–1000 nm.

Previously, 2PE STED microscope has been demonstrated using

two Ti:sapphire lasers. [14] The setup required the synchroniza-

tion of two Ti:sapphire laser pulses: one for excitation and the

other for pumping an OPO to generate a 580 nm depletion beam.

Although the pulsed 2PE STED has been proved a powerful

superresolving tool deep in living cell or tissue, [15,16] the high

cost and complexity of such a synchronized laser system would be

prohibitive for most research labs. The single wavelength pulsed

2PE STED simplified the optical scheme if not considering the

restricted fluorophore. [17] A different approach was to use a

separate CW laser for depletion, [18,19] but additional cost is also

involved. Much more CW laser power yields poorer contrast,

unexpected photon and photobleaching, [20] which is a challenge

for living cell or tissue.

In this article, we demonstrate a new way to carry out 2PE

STED microscopy by using the readily available 532 nm as the

depletion beam. With a proper selection of fluorescence dye, the

2PE STED was demonstrated to image clathrin-coated vesicles

with sub-diffraction-limited resolution. Additionally, a modulation

technique was introduced to reduce the depletion laser power by

three orders of magnitude for reduced photobleaching.

Materials and Methods

2PE STED Microscopy
The layout of the 2PE STED microscope is shown in Fig. 1a.

The 2PE excitation was carried out using a 130-fs Ti:sapphire

laser (MIRA 900, Coherent, USA) with a wavelength of 860 nm

and a repetition rate of 76 MHz. The 532 nm depletion beam was

obtained by splitting the 532 nm beam before the Ti:sapphire

oscillator. The two beams were then combined using a dichroic

mirror. The repetition rate was reduced to 0.25 MHz using an

acousto-optic Bragg cell (coherent, USA). After the Bragg cell, the
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power were 0.036 mW for the 860 nm beam and 0.11 mW for the

532 nm beam. These two beams were then separated using a

dichroic mirror to allow the 532 nm beam passing through a spiral

phase plate (RPC photonics, USA) before these two beam were

combined again. The spiral phase plate produced the doughnut-

shaped focal intensity profile of the depletion beam shown in

Fig. 1b. [21] The 2PE excitation spot (Fig. 1c) was then positioned

to the center of the doughnut-shaped depletion beam. An 100X

objective lens (NA 1.4 oil, HCX PL APO CS, Leica, Germany)

was used for imaging. The fluorescence signal was recorded by an

avalanche photodiodes (Micro Photon Devices, Italy) and a

photon counter. All images were obtained with the samples

mounted on a three dimensional piezo-scanning stage. While the

laser beams were fixed, the piezo-scanning stage was scanned at

2 ms/pixel.

Cell Culture and Immunocytochemistry
Chinese Hamster Ovary (CHO) cells were cultured in Alpha-

MEM (Invitrogen Life Technologies, Carlsbad, CA) containing

10% FBS and 2 mM L-glutamine, at 37uC in a 5% CO2

incubator. The cells were fixed with 4% paraformaldehyde in

phosphate buffered saline (PBS) for 10 min, and permeabilized

with 0.1% Triton X-100 in PBS for 15 min. The cells were

blocked with 1% BSA, 0.05% Tween 20 in PBS for 30 min, and

incubated with rabbit anti-Clathrin heavy chain (Abcam, Cam-

bridge, MA, 1:500) antibody at 4uC overnight. ATTO 425 (Fluka,

Buchs, Switzerland)-conjugated goat anti-rabbit IgG (Invitrogen

Life Technologies, Carlsbad, CA) was used as the secondary

antibody, and incubated with the cells for 1 hr. The cells were

washed with PBS or 0.05% Tween 20 plus PBS for 5 min three

times between each step. After washing with 0.1% BSA, 0.05%

Tween 20 in PBS, The cells were mounted with mowiol (Sigma-

Aldrich, Canada).

Results

Previous studies have shown that the overall fluorescence yield

significantly increase by reducing the repetition rate of a

Ti:sapphire laser. [22] The repetition rate of a Ti:sapphire laser

is typically around 80 MHz, which is equivalent to a pulse

separation time Dt of 12.5 ns. As indicated in Fig. 2, 13 ns is

longer than the fluorescence lifetime of most dyes, but it is about

three orders of magnitude shorter than the lifetime of dark states,

presumably the triplet states. It is not an ideal situation because

illuminating molecules in the triplet states significantly increases

the probability of photobleaching. It has been demonstrated that

reducing the repetition rate below 1 MHz increased the total 2PE

fluorescence yield by ,25-fold for GFP and ,20-fold for ATTO

532. [22] Although not necessary, the increased photon count is

beneficial for obtaining STED images with a better signal-to-noise

ratio. In the current study, the repetition rate of the Ti:sapphire

laser was reduced, using an acousto-optic Bragg cell, from

76 MHz to 0.25 MHz, which increased the pulse separation time

Dt from 13 ns to 4 ms and allowed the electrons in the triplet state

to relax back to the ground state S0 before the next excitation pulse

arrives. [22].

Although the lower repetition rate (0.25 MHz) increases the

fluorescence yield, it creates an undesirable situation for CW-

STED microscopy. As shown in Fig. 3a, while the excitation pulse

is 4 ms apart, the fluorescence lifetimes of typical dyes are in the

range of 3–5 ns. Therefore the CW depletion is only effective in

the first 10 ns out of 4 ms. The situation causes unnecessary laser

heating and damages by the 532-nm depletion beam. In this study,

this issue was solved by passing the CW 532 nm beam through the

acousto-optic Bragg cell, which was used to reduce the repetition

rate of the Ti:sapphire laser. The Bragg cell pulse picker generates

a 10-ns gate to pick up a single pulse from the pulse train of the

Ti:sapphire laser. This 10-ns gate is very effective in producing a

10-ns pulse out of a CW laser beam. An additional advantage of

this approach is that the 10-ns 532 nm pulse is automatically

synchronized with the excitation beam because they pass through

the same Bragg cell. Therefore, no additional synchronization

equipment is needed. As indicated in Fig. 3b, the Bragg cell turns

on the 532 nm depletion beam when the excitation pulse presents

and turns off the 532 nm beam when the fluorescence has been

depleted. With a repetition rate of 0.25 MHz, this approach

reduced the power of the 532-nm beam on the sample by nearly 3

orders of magnitude. In the current study, only 0.11 mW of

532 nm beam was illuminated on the sample, in comparison to

Figure 1. Experimental setup for 2PE-STED microscopy. (a)
Schematic layout of modulated CW 2PE-STED microscopy. (b) The
doughnut-shape intensity profile of the 532 nm depletion beam was
obtained by using a spiral phase plate shown in (a). (c) The Gaussian
intensity profile of the two-photon excitation beam at 860 nm.
doi:10.1371/journal.pone.0088464.g001

Figure 2. Energy diagram showing the photobleaching path-
way via the triplet state. The fluorescence (fl) lifetime of the excited
state S0 is typically a few to several ns. When trapped in the triplet state
(T0), it will take ,ms to relax to the ground state. Further excitations
form the triplet states are more likely to bleach the fluorophore.
doi:10.1371/journal.pone.0088464.g002
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hundreds of mW typically used for CW-STED. [13] This

modulation technique is particularly beneficial for CW STED

when the pulsed excitation is used.

The selection of fluorophores for the 2PE STED microscopy

needs to meet the following criteria: (1) high 2P absorption cross

sections in the 700–1000 nm region, (2) effective depletion of the

fluorescence by the 532 nm laser beam, and (3) negligible

excitation by the 532 nm laser beam. Because of the large

selections of fluorophores, it is relatively easy to find one with a big

2P absorption cross section in the 700–1000 nm region. Criteria

(2) and (3) are generally acting against each other. Although the

wavelength of the depletion beam is red-shifted from a

fluorophore’s single-photon absorption peak, the depletion beam

is often capable of exciting the fluorophore due to its high input

power. Tuning the depletion wavelength toward red, the

excitation will decrease, but the efficiency of the depletion will

also decrease. In the current study, the 532 nm beam used to

pump the Ti:sapphire laser is fixed, so the fluorophore has to be

selected to meet the aforementioned three criteria. Several

fluorophores, including GFP, CFP, Alexa 488, and ATTO 425,

have been tested, and ATTO 425 showed a promising result with

good depletion efficiency and negligible excitation by the 532 nm

beam. Fig. 4 shows the fluorescence intensity of ATTO 425 as vs.

the fluence of 532 nm beam. Generally, fluorescence depletion

better than 90% is needed to obtain a good STED image.

Figs. 5a and 5b are images of ATTO 425-tagged clathrin in

Chinese hamster ovary (CHO) cells imaged by a regular 2PE

microscope and by the 2PE STED microscope, respectively.

Figs. 5c and 5d are the magnified views of the marked areas in

Figs. 5a and 5b, respectively. Fluorescence spots represent the

clathrin-coated vesicles which have a size of approximately 50–

200 nm under the electron microscope. [23] Fig. 5e shows the

profiles of the cross sections indicated by the scattering dots in

Figs. 5c and 5d. To compare the line profiles from 2PE and 2PE-

STED images, we fitted the profiles with the Lorentzian function:

I = A+B6C/(4(x–xc)2+C2), where A and B are constants, xc is the

center, and C is the width of the peak. [15] The regular 2PE

microscope has a diffraction-limited excitation spot with width C
of ,210 nm. Consequently, all features observed in the regular

2PEF images (Figs. 2c and 2e) have width larger than 210 nm.

With the 2PE STED microscope, however, clathrin-coated

vesicles with a diameter less than 100 nm can be observed, which

is more consistent with the sizes observed by electron microscopes.

The modulated-CW 2PE STED microscope has the benefits of

both CW and pulse approaches: lower input power, simple optical

scheme and no complicated synchronization. Additionally, it also

takes advantages of fluorescence yield increasing. [22] We believe

that this imaging technique can be improved toward an invasive

superresolving tool deep in thick samples. Firstly, NIR CW laser

beam has to be chosen taking into account long penetration depth.

In this work, we used 532 nm laser beam as the depletion beam

because it is readily available as the pumping source of a

Ti:sapphire laser, though 532 nm laser beam brought much more

antofluorescence and photobleaching. Secondly, laser scanning is

a good strategy to acquire quick images of living cell or tissue,

[15,16] otherwise the acquisition time will be limited by piezo-

scanning stage. Finally, the resolution of this modulated-CW 2PE

STED can be also improved using time gating. [20].

Conclusion

We presented a cost effective approach to carry out 2PE STED

microscopy using a Ti:sapphire laser as the excitation beam and

the CW 532 nm laser as the depletion beam. With the addition of

an acoustic-optic Bragg cell to modulate the CW laser, we showed

that the modulated-CW STED can take advantages of fluores-

cence yield increasing while simplify optical scheme. The sub-

diffraction-limit resolution was demonstrated using ATTO 425-

tagged clathrin-coated vesicles.

Figure 3. Temporal profile of the excitation pulse, fluores-
cence, and depletion beam. (a) In a CW STED configuration, the CW
depletion beam at 532 nm illuminates the sample at all time. (b) In the
modulated-CW STED configuration, the CW 532 nm laser is modulated
by an acousto-optic Bragg cell to generate 10 ns pulses, which
significantly reduce the laser exposure to the sample.
doi:10.1371/journal.pone.0088464.g003

Figure 4. Two-photon excited fluorescence depletion of ATTO
425 depends on the 532 nm depletion beam.
doi:10.1371/journal.pone.0088464.g004
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