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Time-gated (TG) fluorescence imaging (TGFI) has attracted increasing attention within the
biological imaging community, especially during the past decade. With rapid development of
light sources, image devices, and a variety of approaches for TG implementation, TGFI has
demonstrated numerous biological applications ranging from molecules to tissues. The paper
presents inclusive TG implementation mainly based on optical choppers and electronic units for
synchronization of fluorescence excitation and emission, which also serves as guidelines for
researchers to build suited TGFI systems for selected applications. Note that a special focus will
be put on TG implementation based on optical choppers for TGFI of long-lived probes (lifetime
range from microseconds to milliseconds). Biological applications by TG imaging of recently

developed luminescent probes are described.

Keywords: Time-gated; fluorescence; imaging system; biological application.

1. Introduction

Fluorescence imaging, as a noninvasive imaging
technique, is a versatile tool for biological and
preclinical studies. It helps to observe biological
processes through visualizing fluorescence signals
emitted from various endogenous or exogenous

fCorresponding author.

fluorophores. The performance of fluorescence
imaging has steady development with improved
instrumentation and probes (i.e., exogenous
fluorophores).! ™'Y By far, fluorescence imaging is
commonly based on the detection of light intensity
of fluorescence emission. Ideally, the fluorescence
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intensity indicates the localization and concentra-
tion of probes considering a simple environment
(e.g., nonscattering media). However, practically,
both excitation and emission intensity are affected
by complicated biochemical environments (e.g.,
tissue absorption, scattering, and autofluorescence
(AF)).510 Tissue absorption limits penetration
depth in tissue, and tissue scattering impairs the
accuracy of the acquired localization and concen-
tration of probes. AF can either mask desired sig-
nals or be incorrectly regarded as target signals.
These factors impose intrinsic limitations on the
common fluorescence imaging method. Alternative-
ly, the detection and discrimination of fluorescence
signals in the spectral or time domain offer a possible
strategy to minimize the issues (e.g., AF).!0"14

The appropriate selection of exogenous fluor-
ophores as fluorescent probes to have different exci-
tation and/or emission wavelengths from AF can
help to obviate unwanted AF by using specific ex-
citation wavelengths and/or filters, respectively. In
the past, fluorescent probes (e.g., indocyanine green
(ICG), nanoparticles (NPs), and quantum dots
(QDs)) with excitation/emission wavelengths in
the red or near-infrared (NIR) spectral range were
employed, and the red or NIR fluorescence signal can
be differentiated from AF in tissue, which commonly
has excitation/emission wavelengths in the blue and
green spectral range. However, unlike conventional
fluorescence imaging that uses the visible wavelength
range, because the excitation/emission of these NIR
probes is mainly NIR light, efforts on specialized
optics tailored for the NIR wavelength range (e.g.,
the design to minimize NIR aberrations, the choice of
NIR excitation sources/detectors, etc.) is required to
obtain high-quality images.’'* Secondly, the emis-
sion spectra from these NIR probes still overlap with
AF in NIR to some extent,>' which introduces
crosstalk and thus degrades the image quality.
Thirdly, probes such as ICG further suffer from poor
stability due to being susceptible to photobleaching
under long-time excitation.

Alternatively, the difference in fluorescence life-
time can be utilized as a time-resolved method to
distinguish different fluorophores (e.g., probes ver-
sus endogenous fluorophores) in fluorescence imag-
ing.®*1% By using a time-gated (TG) technique,
different lifetime leads to different detected fluo-
rescence intensity, so that fluorophores with differ-
ent lifetime can be distinguished. This technique is
called TG fluorescence imaging (TGFI). Compared

with the wavelength-resolved method, TGFI may
have advantages in more flexible choices of excita-
tion wavelengths and more effective suppression of
AF. As a result, it is more likely to produce high-
quality fluorescence images without much increased
complexity and difficulty in building the imaging
system. In this paper, we present and summarize
recent advances of TGFI technology (with a special
focus on TG implementation) and its biological
applications. Note that the TG technique and im-
aging system can be utilized for all luminescent
probes (i.e., not limited to fluorescent ones) once
their luminescence lifetime is different from that of
background. Therefore, several works on TG im-
aging using luminescent probes (also called TG lu-
minescence imaging (TGLI)) are also included in
this paper.

2. Principles
2.1.

Considering a simple 2-state system and assuming
an excitation source with fast response time, the
decay of a fluorophore molecule from an excited
state to a ground state can be simply expressed as

I(t) = Ipexp(—t/7), (1)

where I, is the initial fluorescence intensity upon
excitation, and 7 is the fluorescence lifetime, refer-
ring to the average time that the molecule stays in
its excited state before emitting a photon. The value
of 7 also indicates the time when the intensity of I,
drops to its 1/e. Equation (1) is used without loss of
generality to illustrate the decay characteristic of
fluorescence signals (or more generally, lumines-
cence signals), although the decay can be more
complex for some fluorophores.!”™'? To a first ap-
proximation, fluorescence lifetime can be utilized as
“labels” for different fluorophores, which can be
discriminated in the time domain, as mentioned
previously. In practical applications, some factors
should be taken into consideration. For example,
fluorescence lifetime also depends on excitation in-
tensity to some extent, and self-quenching may
occur at high fluorophore concentration.

Fluorescence lifetime

2.2. TG technique

Conventionally, fluorescence imaging takes advan-
tage of the steady-state emission intensity of
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Fig. 1. (a) Illustration of TG detection in one cycle. (b) Ilustration of TG detection by acquisition over multiple cycles.

fluorescent probes as the image intensity. Because
continuous-wave (CW) excitation is used, this is
referred to as CW imaging (in contrast to TG
imaging). However, the method suffers from strong
interference due to AF background that is simul-
taneously excited in tissue, which severely impairs
the image quality, especially when very low con-
centration of the fluorescent probes is accumulated
in the target tissue. Fortunately, TGFI technique
can be utilized to overcome the issue given differ-
ent fluorescence lifetime between fluorescent
probes and endogenous fluorophores that produce
AF background. In a typical TG imaging system, a
pulsed light source can be used to excite the target
probe, which usually has a comparatively long
luminescence lifetime. As shown in Fig. 1(a), while
long-lived luminescence signals (desired signals)
are excited, short-lived luminescence signals (un-
desired signals) are also induced. By some means,
a detector can be maintained at the off state for
some time (TG delay in Fig. 1(a)). Note that in
Fig. 1(a), fast termination of excitation is assumed
for illustration, which is desired in practice. Then,
the detection is switched to the on state (i.e., de-
tection begins) after a suitable TG delay when the
undesired signals have almost disappeared and
may be switched to the off state when desired
signals are mostly collected (TG detection window
in Fig. 1). The above process is usually repeated
for many times (i.e., acquisition over multiple
cycles) to collect more desired signals from the
target probe (Fig. 1(b)), and thus, signal-to-noise
ratio (SNR) can be increased (more discussion
below). Note that different photostability between
AF and target fluorescence signals should be taken
into account in practical applications. Typically,

high photostability of target probes that are more
resistant to photobleaching is favorable.” TG
technique provides a novel strategy to reveal lu-
minescent probes with high image contrast based
on the use of different luminescence lifetime, which
benefits many biological applications.%?-!%:2!

In this context, background represents undesired
short-lived signals (mostly AF), while noise refers to
unwanted signals mainly from a detector. Com-
pared with CW imaging, TG imaging would well
increase signal-to-background ratio (SBR) (e.g., a
45-fold increase in imaging of a zebrafish embryo).?’
However, TG detection may also reject the majority
of target signals, leading to low SNR, which could
possibly be improved by signal averaging (i.e., ac-
quisition over multiple cycles), given good photo-
stability as mentioned previously, at the expense of
acquisition time.

3. Instrumentation and Methodology
3.1.

Excitation of fluorescence (or in general, lumines-
cence) signals can be achieved by light sources in-
cluding lamps, light-emitting diodes (LEDs), or
lasers. The choice of excitation wavelength is largely
dependent on the target fluorophore. For example,
many lanthanide-based probes that emit lumines-
cence signals by excitation in the UV, violet, or blue
spectral range have large Stokes and/or anti-Stokes
shifts, and long luminescence lifetime (tens of
microseconds to several milliseconds).”?!"2% Terbi-
um ions (Th3*) are typically excited at wavelength
of ~320nm. Europium ions (Eu3") excitation
spectrum is ~337-370nm. Ytterbium ions (Yb3*)

FExcitation
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also emit fluorescence signals with UV excitation.
Besides, in recent years, many nano-scaled long
lifetime fluorescent probes (e.g., NPs and QDs) have
been shown to provide a flexible choice of excitation
wavelength in the range from UV to NIR.*?%10:25

Due to long warm-up time and extinguishing
time, lamp-based excitation sources are rarely used
in TG imaging that requires precise and rapid
modulation of the illumination. With the develop-
ment of LEDs and lasers, they can be rapidly
switched on and off, and the switching time scale
can be much shorter than the luminescence lifetime
of most long-lived probes. Besides, LEDs and lasers
provide more stable illumination intensity, and the
intensity is strong enough to excite sufficient fluo-
rescence signals. Therefore, LEDs and lasers are
suitable light sources for TG imaging and have been
adopted in TG imaging systems.'!20:24752

To enable imaging of a variety of luminescent
probes, different excitation wavelengths are re-
quired and can be equipped using multiple LED/
laser sources with increased cost, and complexity of
imaging systems. Alternatively, one excitation
source with tunable wavelengths offering a certain
range of excitation wavelengths can be employed,
which is supposedly simpler for imaging system
implementation. Tunable wavelengths can be
achieved by integrating filters or gratings with
lamps or by using commercial tunable lasers.

Comparison of excitation sources including
lamps, LEDs, CW lasers, and pulsed lasers for TG
imaging is provided in Table 1. In general, for ex-
citation sources, tunable wavelengths facilitating
excitation of more types of probes, laser pulses with
easy implementation and short duration, good
power stability, good quality of beam focusing, and
low cost are desired.

Table 1.

3.2.

Single-pixel-based detectors such as single-photon
avalanche diodes (SPADs) and photomultiplier
tubes (PMTs) are widely used in fluorescence de-
tection, and they offer high sensitivity with a large
dynamic range, yet the imaging speed is usually
limited by point-by-point scanning. Note that
SPAD array and multianodes PMT?"*** detectors
are categorized as array detectors (described
below). On the other hand, array detectors mainly
including charged coupled device (CCD), intensified
CCD (ICCD), electron multiplication CCD
(EMCCD), and complementary metal-oxide-semi-
conductor (CMOS) sensors are able to render fluo-
rescence images by one-shot acquisition, which is
favorable for fast and real-time imaging. CCD and
CMOS sensors convert photons into electrons on
chips without amplifying the number of electrons
upon the conversion, and acquisition over multiple
cycles is typically used to increase SNR. For TG
imaging, CCD and CMOS sensors can be integrated
with an optical chopper for the TG implementation
(described later). As for ICCD, it has an array for
photo multiplication before coupling to a CCD
sensor, and thus functions as an image intensifier to
provide gain for the CCD. Besides, the intensifier
can be rapidly switched on/off to facilitate TG de-
tection. As for EMCCD, it is able to detect single
photon events by an electron multiplier. For TG
imaging, ICCD and EMCCD combined with either
an electronic unit or an optical chopper for syn-
chronization are used to realize the TG implemen-
tation (described later), which provides high
sensitivity because of the gain. Besides, during the
past decade, time-resolved SPAD and PMT array
detectors, including commercial ones, were devel-
oped and applied in TG imaging.??->°%0

Detection

Comparison of excitation sources for TG imaging.

Wavelength Pulse

Excitation source Bandwidth Tunability Implementation Duration Power stability Quality of beam focusing Cost

Lamp Wide Yes® Hard
LED Moderate No Moderate
CW laser Narrow  Depends” Moderate
Pulsed laser Narrow  Depends Easy

Long Bad Bad Moderate

Short Moderate Moderate Low

Short Good Good Low?
Shortest Good Good High"

Notes: *By filters or gratings.

bHigher cost for tunable lasers compared with single-wavelength counterparts.
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Table 2. Comparison of detectors for TG imaging.
Detector Pixel Sensitivity Typical TG implementation Cost
SPAD Single/array =~ Very high? Electronic unit Moderate
PMT Very high High
CCD Moderate Optical chopper Low
CMOS Array High Low
ICCD High Electronic unit®; optical chopper High
EMCCD High High

Notes: *For visible wavelength range.

PICCD or EMCCD combined with electronic units for synchronization provides the

fastest response for TG implementation.

Comparison of detectors for TG imaging is pro-
vided in Table 2. Overall, ICCD/EMCCD has
higher sensitivity than CCD, while the latter is
cheaper. With the advances of CMOS technology,
CMOS cameras are becoming sensitive and suitable
for TG imaging applications. The high fluorescence
signal intensity is always desired for good image
quality. TG detection based on optical choppers
and electronic units for synchronization is described
in Secs. 3.3 and 3.4, respectively. In recent years,
commercial TG imaging systems based on the
above-mentioned detectors have been developed
and applied.

Besides the six detectors for TGFI mentioned
above, there are a few other variant detectors or
detection technologies developed for TG imaging and
detection. Hybrid photodetectors, such as GaAsP
hybrid photomultipliers and InGaAs emICCD, were
also used for TG imaging.?>"!5%%2 Current-assisted
photonic sampler arrays combined with CMOS sen-
sors were developed for TG detection.’® Time-cor-
related single photon counting (TCSPC) technique
based on SPAD or PMT detectors was used in TG
imaging.'*?%3947 In addition, various fluorescence
imaging and detection based on TG technique was
also demonstrated, including fluorescence lifetime
imaging (FLIM),'%26:43,47.064-66 TG Forster resonance
energy transfer (FRET),"%67% and fluorescence
diffuse optical tomography.**

3.3. TG implementation based on
optical choppers

Optical choppers, together with either CW or
pulsed excitation sources, can be used to realize TG
detection. In terms of synchronization for the TG
implementation, there are mainly four schemes: (i)
Chopper sensor signals to synchronize excitation,

(ii) Two phase-locked choppers to synchronize ex-
citation/detection, (iii) A controller/function gen-
erator to synchronize excitation with a chopper, (iv)
Spatial alignment of excitation/emission beam
spots for synchronization. They are denoted as OC-
(i), OC-(ii), OC-(iii), and OC-(iv), respectively. The
working principles and examples are described
below.

OC-(i) is illustrated in Fig. 2. An excitation beam
is used to excite luminescence signals, and the
emission beam is modulated by an optical chopper
before entering a detector. A chopper sensor is used
to carry the transmission/blocking information of
the chopper and thus the on/off status of the de-
tection, as shown in the green pulse train in Fig. 2.
Note that the chopper sensor can be placed at a
suitable position to have the same phase as the
emission beam, as shown in the green and red pulse
trains in Fig. 2. Then, the green pulse train and a
delay unit (with a proper delay time (Fig. 2)) can be
used to trigger and synchronize the excitation
beam, as shown in the blue pulse train in Fig. 2, so
that a proper TG delay can be realized. Note that

Motor
= a A

Chopper sensor

= H g
2 § | Delay.: & I
i time =
2 2 S
88 ‘7
w = = T B 2]
5B =+ TG delay =
5 H - =
an © i &3}
=2 i
== H
‘ Chopper Dichronic
-
al mirror
Excitation beam
Sample

Fig. 2. TG implementation of OC-(i).
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Fig. 3. TG implementation of OC-(ii).

the chopper’s duty cycle has to be <50% (i.e.,
transmission < blocking) so that the TG delay can
be possible. As an example, Beverloo et al. built a
TG imaging system by modifying an epi-fluores-
cence microscope equipped with a Xenon flash
lamp.™

OC-(ii) is illustrated in Fig. 3, where two optical
choppers are used. Instead of using a chopper sen-
sor, a function generator is used to actively modu-
late the excitation and emission beams (by blue and
red pulse trains, respectively, in Fig. 3) with a
proper delay time via a delay unit. As an example,
Marriott et al. adopted two choppers for TG
imaging.'!??

OC-(iii) is illustrated in Fig. 4. Similar to OC-(ii),
active modulation of the excitation and emission
beams are used. A chopper is used to modulate the
emission beam, which is the same as OC-(ii). As for
modulating the excitation beam, instead of using

Motor ﬁ A

i jue

- i Delay time .

<TG delay

jnls

‘ Chopper

13

Emission beam

Dichronic

»

> mirror
Excitation beam } ”
Sample

Fig. 4. TG implementation of OC-(iii).

Chopper 2 as used in OC-(ii), electronic modulation
is adopted. Similarly, synchronization and a proper
TG delay can be achieved. Several works based on
OC-(iii) were reported.!>32*7487L72 Jin et ql. dem-
onstrated a low-cost implementation of a TG imag-
ing system (Fig. 5(a)) allowing direct visual
inspection of stained samples.?” In this system, the
UV LED as pulsed excitation was synchronized by
the clock signal from a chopper controller. Zheng
et al. and Zhang et al. also demonstrated TG imag-
ing by OC-(iii) using a chopper controller.*”"! Very
recently, Cheng et al. have implemented a TG im-
aging system with the synchronization by OC-(iii)
using an arbitrary waveform generator.’® As shown
in Fig. 5(b), the waveform generator outputs TTL
signals, which are synchronized with the chopper at
the same frequency are used to synchronize the laser
source. Ratiometric detection was demonstrated
based on the collection of two luminescent signals
with the same emission wavelength which can be
utilized to minimize interferences from photon at-
tenuation in tissue and thus facilitates accurate
in vivo detection. Gu et al. realized high-sensitivity
TG imaging of NIR probes in a tumor-bearing mouse
model, and the system was also based on OC-(iii)
using an arbitrary waveform generator.”!

OC-(iv) is illustrated in Fig. 6, which has been
reported very recently.?*44%92 Different from other
optical-chopper-based TG methods (OC-(i), OC-
(ii), and OC-(iii)) that use delay units and TTL
signals for synchronization, OC-(iv) employs a sin-
gle optical chopper and spatial alignment of the
excitation/emission beam spots with the chopper,
which leads to a fixed phase difference between the
excitation and detection (blue and red pulse trains,
respectively, in Fig. 6(a)) for synchronization in TG
detection. In this regard, the TG delay is deter-
mined by chopper-related parameters including the
rotation speed and duty cycle of the chopper, etc.
Similarly, the chopper’s duty cycle has to be <50%
so that the TG delay can be realized. The working
principle is shown in Figs. 6(b) and 6(c). As shown
in Fig. 6(b), excitation and emission beam spots
(blue and red crosses, respectively) are precisely
aligned with the chopper. During TG image acqui-
sition, the chopper is rotating while the two beam
spots are kept stationary. In a TG acquisition cycle,
four on/off switches of excitation/emission
occur, which are denoted as T1, T2, T3, and T4 in
Figs. 6(b) and 6(c). The period of T1 and T2
determines the excitation duration, that of T2 and
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TTL signals to trigger the UV LED circuit, so that an appropriate TG delay can be achieved. (b) Synchronization output was
provided by the waveform generator, producing TTL signals that were synchronized with the chopper and were used to synchronize
the laser source. An appropriate TG delay can be achieved by setting parameters such as the duty cycle and the initial phase of the
TTL signals. Reprinted with permission from Refs. 32 and 48.
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the chopper. When the chopper is rotating, four on/off switches of excitation/emission occur and are denoted as T1, T2, T3, and T4.
(c) Excitation duration and TG detection window in a TG acquisition cycle. Note that the beam spots are assumed to be infinitely
small. A phase difference between the excitation and detection is achieved by virtue of the spatial alignment mentioned in (b), and

thus, TG detection is realized.
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T3 the TG delay, and that of T3 and T4 the TG
detection window. Sakiyama et al. demonstrated
TG imaging in the NIR-II range based on OC-(iv).*
Further, Zhu et al. utilized the OC-(iv) approach for
TG detection and demonstrated the applications
including TG luminescence spectra measurement
and fast luminescence lifetime imaging.**** Our
group also built a system based on OC-(iv).?" Using
the system, we demonstrated high-contrast TGFI of
long-lived silicon (Si) QD NPs microinjected into
zebrafish embryos and larvae.

Alternatively, a variant of OC-(iv) employs a
single reflective rotor to realize TG implementation,
which is termed as a gated autosynchronous lumi-
nescence detector (GALD) firstly reported by
Connally et al.”® Similar to OC-(iv), different posi-
tions of the rotor define the excitation duration, TG
delay, and TG detection window in a TG acquisi-
tion cycle. A remarkably small footprint of the
GALD enables its insertion into the differential
contrast prism of an Olympus microscope.”

Table 3 is a summary of TG implementation
based on optical choppers. Note that low-cost ex-
citation sources (lamps, LEDs and CW lasers) were
used in these works. Overall, the optical-chopper-
based method provides a convenient and low-cost
approach for TG imaging mainly because cheap
light sources (e.g., lamps, LEDs, or CW lasers) and
detectors (e.g., CCD or CMOS) are required.
However, the switching time of excitation/detection
using optical choppers is inherently slower than
using electronic units.

3.4. TG implementation based on
electronic units

TG methods based on electronic units refer to the
TG delay realized or modulated purely by electronic

Table 3. Summary of TG implementation based on optical
choppers.
TG implementation Detection Ref.
OC-(i) CCD 70
OC-(ii) CCD 11, 23
OC-(iii) CCD 32, 71, 72, T4-77
ICCD 12, 51
EMCCD 37, 48
OC-(iv) CCD 44, 45, 52
CMOS 20
GALD 73, 78

units (i.e., without any mechanical modulation),
such as a purely-electronic delay circuit or an opti-
cal fiber delay line to synchronize with an electronic
delay. Similarly, the SNR can be further enhanced
by acquisition over multiple cycles at the expense of
imaging speed. In terms of synchronization for
the TG implementation, there are mainly three
schemes: (i) An optical fiber delay line to synchro-
nize with an electronic delay, (ii) A purely-elec-
tronic delay circuit (e.g., using a function/waveform
generator), (iii) A TCSPC module. They are deno-
ted as EU-(i), EU-(ii), and, EU-(iii), respectively.
The examples and brief working principles are de-
scribed below.

For EU-(i), Wang et al. used a pulsed laser for
excitation and a gated image intensifier for the TG
detection window.? For excitation, an optical fiber
delay line was used to realize a delayed laser pulse,
while for detection, a digital delay pulse generator
was utilized to determine the beginning of the TG
detection window. In this regard, the optical fiber
delay line can be utilized to synchronize the exci-
tation with the delayed detection by the gated
image intensifier, and a TG delay of several nano-
seconds can be achieved. Cubeddu et al. also dem-
onstrated TG imaging based on EU-(i).?"

For EU-(ii), Valentini et al. used ICCD for the
TG detection window, which was synchronized with
laser pulses by a passive delay generator, and the
TG delay can be realized.”® Gahlaut et al. also used
a delay generator to output TTL pulses to syn-
chronize an LED and ICCD, and the TG delay was
programmable by the delay generator.”” TG imag-
ing of living cells was demonstrated. Lu et al.
demonstrated a catheter for NIR fluorescence/OCT
imaging, where the TG imaging was realized by
using a custom-made delay chip to adjust the TG
delay between the excitation laser pulse and SPAD
detection.'” Bouccara et al. utilized two phase-
locked function generators to synchronize a pulsed
laser diode and an intensifier (of EMCCD) for AF
rejection.? Pons et al. also used EU-(ii) for in vivo
imaging of single tumor cells in fast-following
bloodstream.*’ Sreenivasan et al. built a TG imag-
ing system that was synchronized by dual TTL
signals, which were used to modulate the laser
source and EMCCD to achieve the desired TG
delay and TG detection window.*?

For EU-(iii), Dahan et al. utilized a scanning
controller board to output a TTL pulse, which was
used to trigger the acquisition of fluorescence
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Table 4. Summary of TG implementation based on electronic
units.
TG
implementation Detection Ref.
EU-(i) ICCD 26, 27
EU-(ii) ICCD 28, 30, 31, 35, 30, 43, 51, 79
SPAD 19
EMCCD 24, 34, 36, 42, 49
EU-(iii) TCSPC module 29, 39, 41, 47, 50, 80

photons by a TCSPC card.”?’ Chen et al. and Tu
et al. demonstrated TG fluorescence detection for
high-contrast quantum imaging and TG imaging
of labeled live cancer cells, respectively, based on
EU_(iii).:ES),S()

Table 4 is a summary of TG implementation
based on electronic units. Note that pulsed (or elec-
tronically-modulated) laser illumination was used in
these works. In TG acquisition, to capture maximum
luminescence signal intensity so as to optimize image
quality, a minimum TG delay that ensures complete
suppression of AF background is required. To
achieve this, the excitation has to be quickly swit-
ched off (e.g., < 1/10 of the lifetime of a target
probe), and meanwhile, the TG delay has to be suf-
ficiently short (e.g., < the lifetime of the target
probe), but not shorter than the above-mentioned
minimum TG delay. In this regard, electronic-unit-
based methods generally perform better than optical-
chopper-based methods. Further, among electronic-
unit-based methods, EU-(iii) attains the highest time
resolution (tens of picoseconds) and well succeeds in
selected applications that intend to capture TG
images of target probes with very short lifetime.

4. Biological Applications

TGFI relies on the detection of fluorescence
signals taken with a time delay after the excitation
is switched off. Benefited by years of development
of lasers, imagers, and long-lived fluorescent
probes as markers, TGFI has made great technical
progress in recent years. Further, FLIM technique is
able to produce lifetime maps, which is basically
implemented by gradually adjusting the TG
delay.!?26:43:47,64=66 TCSPC is one of the main
approaches to realize FLIM. TGFI has been widely
utilized in many biological and medical applica-
tions. In this section, we present TGFI applications

to the objects at a multiple length scale from
molecules to tissues. As mentioned previously, some
works on TGLI applications using luminescent
probes are also included.

The importance of the choice of the luminescent
probes used as labels in TG imaging cannot be over-
emphasized.?!"?> The parameters of probes (e.g., high
quantum yield and proper lifetime), good labeling, and
no or little quenching are key factors to render high-
quality images in TG imaging applications.

Depending on the luminescence lifetime of the
target probe, one may choose proper instrumenta-
tion for TG imaging. For quite long luminescence
lifetime (e.g., lanthanide-based probes) up to milli-
second time scale,?? 7172 7476,7881 simple and low-cost
instrumentation  (mainly  optical-chopper-based
methods) is well satisfactory. By contrast, for quite
short luminescence lifetime down to nanosecond time
scale,?®29:31,:33,3447.66 complex and expensive instru-
mentation (mainly electronic-unit-based methods)
must be employed.

A summary of biological applications, used lu-
minescent probes, and employed TG instrumenta-
tion is provided in Table 5.

4.1. Molecules, cells, and

MICroorganisms

Recovery of the concealed micro objects such as large
molecules, 128 cells,11:23:29,34,36,39,41,47,49,66,70,72,74-84
and microorganisms®*3%%%718% from annoying inter-
ference (e.g., background AF) in fluorescence imag-
ing with the help of TG technique has attracted
increasing attention for years.

Marriott et al. presented a simple T'G microscope
and utilized it to visualize the delayed luminescence
intensities and lifetime of acridine dyes on polytene
chromosomes.'” Valentini et al. utilized TGFI for
DNA-microarray reading.”® The TGFI system
employed an ICCD camera with picosecond reso-
lution to acquire time-delayed fluorescence images,
which were used to calculate the amplitude map of
the marker, cyanine 3. As shown in Fig. 7, DNA
microarray marked by cyanine 3 is clearly distin-
guished from the background by TGFI (Fig. 7(b)).

In cellular biology, long-lived fluorescent probes
serve as useful markers to study cell morphology
and function. To effectively image the long-lived
fluorescent probes, TG detection is used to elimi-
nate interference from cellular AF. In 1990,
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Fig. 7. Fluorescence images of DNA microarray marked by cyanine 3. (a) The image was taken synchronously with the excitation pulses.
(b) The image was taken with a set of time delays, and the amplitude map of cyanine 3 can be calculated. The line profiles across the first
column of the DNA microarray images are shown at left in (a) and (b), respectively. Reprinted with permission from Ref. 29.

Beverloo et al. presented inorganic phosphors with
delayed luminescence.”’ Visualization of human
lymphocytes labeled with the inorganic phosphors
by TG imaging was demonstrated. Background AF
suppressed by at least two orders of magnitude was

(a) Bright-field TG image Merged
3
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(b) TG image TG image
Bright-field CW image (rhodamine) (Tb*)
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achieved. One year later, Marriott et al. reported
visualization of 3T3 cells stained with acridine
dyes by TG imaging, and particular cellular struc-
tures became obvious by the ratio image (phospho-
rescence/fluorescence).'’ In the last decade, TG

(c) Nanorubies-labeled Control

Brigt-field

CW image

TG image

Fig. 8. (a) Images of HeLa cells (top) and NEM-pretreated HeLa cells (bottom, as control experiment) incubated with BHHBB-
Eu?*@MnO; for 3h (1: bright-field images; 2: TG images; 3: merged images of 1 and 2). Scale bar: 10 um. (b) Bright-field (A and F),
CW (B and G), and TG (C and H for rhodamine luminescence, and D and I for Th3* luminescence) images of the TRP-NO-loaded
HeLa cells before (top) and after (bottom) incubation with nitric oxide. Image E is the merged image of A and D, and image J is the
merged image of F and a ratiometric (ratio = H/I) luminescence image. Scale bar: 10 um. (c) Bright field, CW, and TG images of
AtT-20 cells incubated with nanorubies (left column) and control (right column), respectively. Scale bar: 10 ym. Reprinted with

permission from Refs. 36, 75, and 81.
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Fig. 9. TG imaging of QD-labeled A20 tumor cells in a rat bloodstream. (a) Classical epi-fluorescence microscopy image (CW
imaging) of the cells. Scale bar: 5 ym. (b) The AF (black) and fluorescence of the QD-loaded A20 cells (red) as a function of TG
delay. (c) Three consecutive in vivo TG fluorescence images showing a QD-labeled A20 cell flowing in a blood vessel. Scale bar:

50 pm. Reprinted with permission from Ref. 49.

imaging of living cells has been extensively demon-
strated. To name a few, Madin Darby Canine kidney
(MDCKII) cells,”” human breast cancer cells,%
human prostate cancer cells and bladder cancer
cells,” HeLa cells (Figs. 8(a) and 8(b))>*41:8184
HepG2 cells, 776,838t SKOV3 cancer cells,” AtT20
cells (Fig. 8(c)),’*? Raw 264.7 cells,"»""%%%3 and
A20 lymphoma cells* (Fig. 9) were immuno-stained
with different long-lived luminescent probes and
observed by TG imaging.

Microorganisms such as Giardia and Cryptospo-
ridium labeled with europium chelate fluorophore
markers were visualized against AF background
with TG luminescence microscopy,>*30-32:71:8% ag il-
lustrated in Figs. 10(a) and 10(b). Similarly, stained
Daphnia magna was imaged by TGLI sys-
tems. > 782784 One representative result is shown in
Fig. 10(c), where the target probes (hypochlorous
acid (HClO)) can be clearly visualized by elimi-
nating strong blue AF from Daphnia magna.

4.2.

Tissues labeled with long-lived biocompatible
probes revealed by TG imaging would greatly ben-
efit biomedical and clinical applications, such as
improved specificity of tumor imaging. In the past

Tissues

few years, TG imaging of tissues (from zebrafishes,
mice, to humans) has been extensively investigated.

Because zebrafishes are almost transparent, they
are suitable models for fluorescence imaging. TGLI
of zebrafish larvae was demonstrated,?:*17481.82
and representative results are shown in Fig. 11. A
mouse model has been one of the most common
approaches in biological and medical studies.
Cubeddu et al. utilized TGFI for the detection of
tumors in the murine model in 1993.2” The condi-
tions (e.g., drug doses, delay time in TG imaging,
etc.) to optimize fluorescence contrast between
the tumor area and the surrounding healthy
tissue were studied. In the last decade, TGLI
of labeled mouse tissue has attracted much
attention,25-31:35,37,38,43,48,51,77,81,86 For a few exam-
ples, Joo et al. presented the use of a Si NP probe
with lifetime of microseconds for contrast improve-
ment of > 100 fold by TGLI (versus CW imag-
ing).*® Figure 12 shows CW and TG images of
mouse tissues (brain, liver, heart, kidney, lung,
spleen, and tumor) before and after localized injec-
tion of porous Si NPs (PSiNPs) and molecular dyes
(AF647). Rosal et al. and Liu et al. demonstrated
similar TG imaging of mouse tissues in some
organs and xenograft tumors in mice using different
NPs and QDs with long luminescence lifetime to
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"Z
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Fig. 10. (a) CW and TG images of Giardia cyst labeled with a BHHST (shown on lines A and B) and AF (shown on lines C and
D). (b) CW and TG images of Giardia lamblia cysts labeled with a red europium probe and Cryptosporidium parvum oocysts labeled
with a green terbium probe. (c) TG luminescence images of Daphnia magna loaded with Mito-BHHBCB-Eu?* for 30 min (top, as
control experiment), followed by incubation with HCIO for 20 min (bottom) (1: TG image; 2: CW image; 3: merged image of bright
field and TG images). Scale bar: 200 um. Reprinted with permission from Refs. 24, 71 and 83.

Bright-field CW image CW image TG image TG image
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Fig. 11. Comparison of CW and TG images of zebrafish embryos and larvae in vivo. (a) Si-based NPs as long-lived fluorescent
probes were injected at the position indicated by the red arrow in A and F. Scale bar: 50 ym. (b) Mito-NPSTTA-Eu?* was used as a
luminescent probe for TG luminescence detection of HCIO in zebrafish larvae. D is merged image of A and C. Reprinted with
permission from Refs. 20 and 74.
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CW image
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Post-injection

Pre-injection

Post-injection

2 25 3 35 Counts (x10%)

Fig. 12. Comparison of CW and TG images of ez vivo mouse tissues before and after localized injection of PSiNPs and AF647. The
locations of injection of PSiNPs and AF647 are indicated by pink and green arrows, respectively. The same organs harvested from a
4T1 breast tumor-bearing mouse were imaged by CW and TG modes. PSiNPs can be clearly imaged by TGLI. Scale bar: 5 mm.
Reprinted with permission from Ref. 35.

TG image CW image
(Lumi4-Tb)

? tonsil tissue

(hematoxylin stained)

Fig. 13. (a) FFPE tonsil tissue was stained with hematoxylin, labeled with primary antibodies against Ki-67 (top) or E-cad
(bottom), and stained with Lumi4-Tb (TG image) or FITC (CW image) using tyramide signal amplification. Merged images
consists of bright-field images (log-transformed into a pseudo-darkfield presentation) and TG images. (b) Tonsil tissue was stained
with H&E prior to antigen retrieval, primary antibody labeling (Bcl-6 or MSH-6), and TSA-mediated deposition of Lumi4-Tb or
FITC. In these images, robust, specific Lumi4-Tb signals were observed in TG images while FITC signals could not be detected.
Scale bars: 20 ym. Reprinted with permission from Ref. 40.

2030006-15



J. Innov. Opt. Health Sci. Downloaded from www.worldscientific.com
by 60.245.65.135 on 03/18/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

W. Yang € S.-L. Chen

TG image CW image
(Lumi4-Tb) (FITC)

]

3 O

2.5

S 8

s %

=

Fig. 13.

overcome AF and to show tumor-targeted imaging,
respectively.?”*® Gu et al. presented in vivo TGLI of
human ovarian cancer xenograft in a mouse model,
which was labeled with NIR luminescent Si NPs.%¢
Very recently, Gu et al. have utilized NIR-excited
upconversion nanoprobes with high-light conver-
sion efficiency to achieve high-sensitivity deep-
tissue TG imaging in a mouse tumor model.”"

TG imaging of human tissue has also been
reported. Chen et al. demonstrated TGLI of human
tonsil tissue.’’ Briefly, Lumi4-Tb-conjugated anti-
bodies were used to visualize various markers in-
cluding Ki-67 (nucleus), E-cad (membrane), Bcl-6,
and MSH-6. TG imaging provides higher contrast
than CW imaging owing to the elimination of AF
background, as shown in Fig. 13. Figure 13(b)
shows strong TG luminescence signals of Lumi4-Th
with antibody binding (Bcl-6 or MSH-6) for speci-
mens stained with H&E (the primary stain for
cancer diagnosis).

5. Conclusions

Rapid development of TGFI techniques facilitates
the utilization of long-lived luminescent probes for
biological analysis and imaging applications, which
overcomes the issue due to complicated tissue en-
vironment. The key advantage of TG imaging is
that it selectively detects long-lived luminescence
signals from probes by delayed detection after the
termination of excitation, which leads to high-con-
trast imaging by eliminating interference of short-
lived AF. In recent years, the performance of the
technique has been remarkably improved by the
technical advances of excitation light sources and
detection imagers. Various TG implementation
methods and progress based on optical choppers

CW image
(FITC)

TG image
(Lumi4-Tb)

(Continued)

and electronic units were reviewed. The perfor-
mance and cost of TG imaging systems are always a
trade-off and have to be balanced. Besides, recent
advances in TGFI biological applications were also
described. It is believed that further development of
TG imaging technology as well as more related bi-
ological studies would pave the way toward future
clinical translation of TGFI.
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