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ABSTRACT

Fluorescence imaging is a noninvasive and dynamic real-time imaging technique; however, it exhibits
poor spatial resolution in centimeter-deep tissues because biological tissues are highly scattering media
for optical radiation. The recently developed ultrasound-controlled fluorescence (UCF) imaging is a novel
imaging technique that can overcome this bottleneck. Previous studies suggest that the effective contrast
agent and sensitive imaging system are the two pivotal factors for generating high-resolution UCF images
ex vivo and/or in vivo. Here, this review highlights the recent advances (2015—2020) in the design and
synthesis of contrast agents and the improvement of imaging systems to realize high-resolution UCF
imaging of deep tissues. The imaging performances of various UCF systems, including the signal-to-noise
ratio, imaging resolution, and imaging depth, are specifically discussed. In addition, the challenges and
prospects are highlighted. With continuously increasing research interest in this field and emerging
multidisciplinary applications, UCF imaging with higher spatial resolution and larger imaging depth may
be developed shortly, which is expected to have a far-reaching impact on disease surveillance and/or

therapy.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fluorescence imaging has gained significant attention as a non-
invasive tool in basic studies and clinical applications [1]. It is a
highly convenient and effective tool for real-time tracing of various
fluorescence signals in biological applications because it can
endow a high signal-to-noise ratio (SNR) and commendable spatial
resolution during the imaging process [2]. In general, when light
passes through biological tissue, the following light-tissue in-
teractions can occur: photon reflection, photon scattering, photon
absorption, and tissue autofluorescence (Fig. 1A). The main ob-
stacles of fluorescence imaging include tissue autofluorescence,
fluorescence quenching, photobleaching of the fluorescence pho-
tons, and poor tissue penetration [2]. Typically, fluorescence im-
aging is realized in the wavelength scopes from 400 nm to 700 nm
(i.e., visible window) and from 700 nm to 1700 nm (i.e., near-
infrared ray (NIR) window). However, NIR-fluorescence imaging
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offers more advantages, such as lower photon scattering and
minimal autofluorescence interference [2]. More specifically, four
biological windows are considered in the NIR region: NIR-I
(700—900 nm), NIR-II (1000—1700 nm), NIR-III (1700—1870 nm),
and NIR-IV (2100—2300 nm) windows. NIR fluorescence imaging
with high resolution and satisfactory SNR exhibits immense po-
tential in molecular detection and treatment applications [3].

In the past several decades, scientists have extensively explored
fluorescence imaging in the NIR-I window from basic research to
preclinical and clinical applications. Typically, the indocyanine
green (ICG) and methylene blue as the US Food and Drug
Administration (US FDA)-approved optical probes have been used
for clinical applications. In recent years, fluorescence imaging in the
NIR-II window has emerged as a new platform that provides higher
SNR and deeper tissue penetration [2,4,5]. However, only a few
fluorophores are available for NIR-II fluorescence imaging [6]. The
existing NIR-II fluorophores have high hydrophobicity, poor pho-
tostability, and low quantum yield [2,6], which limit the develop-
ment and practical applications of NIR-II imaging. Therefore, to
boost the clinical translations of the NIR fluorescence imaging in
deep tissue, especially to promote the investigations and applica-
tions of the US FDA-approved fluorophores, some novel NIR im-
aging techniques are urgently needed.
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Fig. 1. (A) Schematic illustration of the interaction between light and tissue. (B) The schematic diagram of depth of penetration for the NIR-I/II light. (C) The UCF contrast agent's

components. UCF: ultrasound-controlled fluorescence.

Compared with classical magnetic resonance imaging,
computed tomography (CT), and positron emission tomography,
NIR fluorescence imaging is a more effective, inexpensive, and ul-
trasensitive approach for real-time molecular imaging [6,7]. Pres-
ently, the poor resolution and insufficient penetration depth in
deep tissues [1,6,8] are the primary factors that limit the universal
clinical use of the NIR fluorescence technique. A particular issue is
that the spatial resolution of the NIR fluorescence imaging sharply
decreases with increasing tissue thickness [2]. In order to resolve
this issue and obtain good spatial resolution for fluorescence im-
aging of deep tissues, several potential approaches were proposed.
For instance, a combined broadband lock-in amplifier and fluo-
rescent microbubbles has been used for detecting the signals of
ultrasound-controlled fluorescence [9]. Luminescence imaging
without an external excitation in a scattering medium [10] and the
fluorescence imaging of temperature-responsive fluorescence
probes [11] can all be adjusted by ultrasound. In addition, the ICG-
loaded pluronic nanocapsules as both fluorescence intensity and
lifetime probe were used for generating the ultrasound-controlled
fluorescence images [12]. A combined light-pulse-delay and photon
counting method can also be applied to obtain the ultrasound-
controlled fluorescence images using a N-{2-[(7-N,N-dimethyla-
minosuflonyl)-2,1, 3-benzoxadiazol-4-yl] (methyl)amino} ethyl-N-
methylacrylamide (DBD-AA) labeled poly N-isopropylacrylamide
probe [13]. Meanwhile, scientists have explored the ultrasound-
mediation of fluorescence imaging based on the bioluminescence
and chemiluminescence mechanisms [14], and time-reversed ul-
trasonically encoded optical focusing that transmitting light into
any defined location [15]. Nevertheless, the limited photons in the
detected area restrict the acceptable sensitivity of NIR fluorescence
imaging. The ultrasound-modulated tactics can realize good
acoustic resolution in deep scattering media during the fluores-
cence imaging. However, manipulating the on/off signals of the NIR
fluorescence imaging probe in living tissues via an ultrasonic
modulator remains a significant challenge [16,17].

Ultrasound-controlled fluorescence (UCF) imaging can effec-
tively address the issues mentioned above; thus, this technique has
garnered considerable attention in recent years [16—21]. The
unique UCF imaging probe with temperature-responsive property
can be quickly unlocked via ultrasound-controlled approach only in
the ultrasound confined space [17]. In addition, the UCF imaging
system is different from the traditional fluorescence imaging sys-
tem because the collected UCF signal is only derived from the signal
changes of the UCF probe; in addition, the signal strength can be
facilely adjusted by an ultrasonic modulator. Overall, the excellent
UCF contrast agent and the sensitive UCF imaging system facilitate
both ex vivo and/or in vivo high-resolution imaging [17]. Therefore,
to develop a novel UCF probe and simultaneously build a sensitive
UCF imaging system is a great challenge. To this end, some progress
has been made, such as controlling the particle size, changing the
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components of UCF probes, and exploring new imaging modalities.
However, no report has summarized the progress of this field in the
past five years.

This review provides a detailed summary of the advances
(2015—2020) in UCF imaging for deep tissue phantoms and in vivo
imaging and offers a systematic approach that can be used to
improve the UCF imaging system. Here, we briefly review the
synthetic methods for UCF contrast agents and the emission char-
acteristics, morphology, and surface characteristics of ICG-based
UCF probes. The emerging applications of ICG-based UCF probes,
including temperature-sensitive polymer nanoparticles (NPs) and
thermosensitive liposomes, in the field of deep-tissue NIR fluo-
rescence imaging, are also summarized. In addition, the advances of
the UCF imaging system in the last five years are summarized.
Finally, new opportunities and prospects for developing UCF im-
aging probes and UCF systems are discussed.

2. NIR-UCF imaging vs. traditional NIR imaging

Fluorescence imaging as a potential diagnostic tool displays
good temporal-spatial resolution and high sensitivity; however, it
faces the challenge of poor tissue penetration in the visible window
(400—700 nm). In contrast, fluorescence imaging in the wavelength
scope of 700—900 nm has some advantages, such as minimal tissue
absorption, background fluorescence, and deeper tissue penetra-
tion [22]. Therefore, although NIR fluorescence imaging has
received extensive attention as a noninvasive imaging technique in
the past two decades, its practical applications are still restricted by
limited tissue penetration and low spatial resolution [5]. The NIR-II
fluorescence imaging has recently shown ameliorations in spatial
resolution and imaging depth [23—28]. In particular, NIR-II fluo-
rescent imaging can be used to probe centimeter-deep tissues and
realize micrometer-scale resolution at depths of millimeters
(Fig. 1B). However, all reported NIR-II fluorophores are slowly
excreted and principally retained within the reticuloendothelial
system, making clinical translation/application significantly diffi-
cult [23].

Compared with the traditional NIR fluorescence imaging, the
UCF imaging technique has exhibited the significant potential to
provide high-resolution fluorescence images for biomedical
exploration. Specifically, the ultrasound-adjusted fluorescence
strategy was first reported in 2006 [29]. Later, two independent
research groups reported the utilization of the UCF imaging method
in 2012 [11—13]. These groundbreaking developments facilitated an
exciting future for high-resolution deep-tissue imaging based on
fluorescence. In particular, Liu et al. [17] demonstrated that the
poly (N-isopropylacrylamide) (PNIPAM)/B-cyclodextrin(f-CD)/ICG
(PNIPAM/B-CD/ICG) nanogels as a potential UCF probe can be
detected up to approximately 3.5 cm in the chicken breast tissue,
which is better than the depths of previously reported NIR-I
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[30—32] and NIR-II [1,24,33,34] contrast agents and close to the
imaging depths of approximately 3.2 and 3.0 cm in pork tissue and
slice pork ham using the NIR-I core/shell nanoparticles [35] and NIR
chemiluminescence emitter [36], respectively. The earlier studies
have also suggested that NIR-UCF imaging provides better SNR and
spatial resolution as well as more comprehensive information
(such as three-dimensional (3D) fluorescence images) on the deep
tissues than conventional NIR-I technique, which can boost the
synthesis of new NIR-UCF contrast agents within the NIR-I and NIR-
Il regions and further promote the biomedical applications of the
NIR-UCF imaging.

3. Classification of NIR-UCF contrast agents
3.1. Composition and working mechanism of UCF contrast agents

A superior UCF contrast agent plays an important role in deep-
tissue imaging with a high-resolution level. The UCF contrast agent
generally contains four key components (Fig. 1C). 1) A trigger that
changes the microenvironment of the UCF contrast agent. The
temperature-sensitive polymer NPs or micelles such as PNIPAM or
pluronic polymer have been used for achieving this goal because
they exhibit excellent temperature-triggered phase transition
[37,38]. 2) An adjuster that tunes the threshold temperature of the
UCF contrast agent. The PNIPAM or pluronic polymer usually con-
jugates with a hydrophilic or hydrophobic compound to adjust the
threshold temperature of the polymer. 3) A fluorescence emitter
that generates the amplified fluorescence signal via increasing the
temperature. A microenvironment-sensitive emitter, such as a
polarity-sensitive fluorophore, is used for generating the “ON”
fluorescence emission signal. 4) The surface-functional groups
containing —NH;, —COOH, and —OH groups can interact with the
targeting biomolecules [21], which facilitates the active targeting
and aggregation efficiency of contrast agents to the lesion tissues.

The working mechanism of the UCF contrast agent involves the
following steps. 1) The heat energy is first produced by high-
intensity focused ultrasound (HIFU) technique; then, the confined
temperature of the UCF probe is increased. 2) The internal
microenvironment (i.e., hydrophilic characteristic) of the UCF probe
is changed through the HIFU heating, which leads to a phase
transition and weakening of polarity. Thus, the hydrophobic
property of the UCF probe becomes stronger. 3) The quantum yield
of the fluorophore increases with decreasing polarity, causing an
enhancement in the absolute fluorescence intensity or fluorescence
lifetime. That is, the emitted fluorescence from UCF probes is
confined within the focused ultrasound region during UCF imaging.
In contrast, weak or no fluorescence is produced when the UCF
probes are located outside the focal volume. Therefore, the detected
signal is observed as “ON” within the ultrasound confined volume
because the background fluorescence in the “OFF” status is negli-
gible without HIFU treatment. This also indicates that the spatial
resolution of UCF imaging primarily relies on the size of confined
thermal space. Besides, the outgoing fluorescence signal can be
readily regulated by changing the ultrasound parameters and can
only be generated from the confined UCF probes [39].

The in vivo NIR-UCF fluorescence imaging was first proved in a
mouse model of breast tumor in 2019 [40]. In this groundbreaking
work, the ICG-encapsulated PNIPAM (ICG-PNIPAM) NPs were used
for in vivo high-resolution UCF imaging, which was conducted in
mouse spleen via intravenous injections. It is important to explore
stable and novel NIR-UCF imaging probes to further strengthen the
development of in vivo UCF imaging. An NIR-UCF probe with
multifunctional applications has the following properties: low
toxicity, a reasonable on-to-off ratio of fluorescence intensity (Ion/
lore), low critical solution temperature at around normal body
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temperature, narrow temperature transition bandwidth, high
photo- and chemical-stability, and easy functionalization by tar-
geted molecules or peptides for achieving specific targeting of
lesion tissues. Until now, three types of NIR-UCF probes have been
reported: temperature-sensitive polymer NPs [16], temperature-
responsive micelles [17,21], and thermosensitive liposomes
[39,41]. Only ICG-loaded thermosensitive liposome and ICG-
encapsulated PNIPAM NPs have been triumphantly used for
in vivo NIR-UCF imaging until now; other types of temperature-
sensitive polymer NPs have not been reported yet. The
temperature-responsive micelles including pluronic block copol-
ymer such as pluronic F-98 and pluronic F-127 and linear PNIPAM
polymer have been explored for utilization in UCF imaging. How-
ever, the existing pluronic nanoprobes are significantly difficult to
realize in vivo UCF imaging because they are unstable in blood or
tissue interstitial fluids [39]. The thermosensitive liposome is a
potential UCF probe, which is generally fabricated by in situ hy-
dration and self-assembly of lipids and NIR dyes [39]; in addition,
its structure and size are tunable. Among these UCF contrast agents,
the temperature-sensitive polymer NPs and thermosensitive lipo-
somes have excellent biocompatibility. In addition, they are pref-
erable in in vivo UCF imaging performance; hence, they exhibit a
significant potential for future clinical translation. However, the
active targeting effect of both contrast agents during ex vivo and/or
in vivo UCF imaging has not been investigated yet. We focus on
these two kinds of contrast agents (Table 1) in the following
subsections.

3.2. Temperature-sensitive polymer nanoparticles

As a representative contrast agent, ICG-PNIPAM NPs (Table 1)
have been used for NIR-UCF imaging [17]. The ICG-PNIPAM NPs
with a spherical structure were initially prepared by free-radical
polymerization in an aqueous medium where sodium dodecyl
sulfate (SDS), ammonium persulfate (APS), and tetramethylethy-
lenediamine (TMEDA) served as the surfactant, initiator, and
accelerator, respectively [17,37]. ICG aqueous solution was pre-
mixed with the said polymer aqueous solution; ICG molecules with
amphiphilic property were then encapsulated inside the SDS-based
micelles. Finally, the ICG-PNIPAM NPs were obtained via a free-
radical emulsion polymerization method under an inert atmo-
sphere. In addition, the threshold temperature (either lower or
higher) of the ICG-PNIPAM NPs could be tuned by conjugating with
hydrophobic N-tert-butylacrylamide (TBAm) or hydrophilic acryl-
amide [37]. The storage time of ICG-PNIPAM NPs is below 30 days.
In particular, the ICG dye can be easily oxidized by APS or TMEDA
during the free-radical polymerization process. In order to over-
come this limitation, the 4-4’-azobis (4-cyanopentanoic acid) (ACA)
was used to replace APS and TMEDA as the initiator and catalyst,
and synthesize the ICG-PNIPAM NPs [18]. The results indicated that
the modified ICG-PNIPAM NPs had a good shelf life of 6 months.
Meanwhile, considering the toxicity of the surfactant SDS, Yu et al.
[18] also explored the pluronic F-127 or F-98 to replace SDS for
fabricating the ICG-PNIPAM NPs. The toxicity of the ICG-PNIPAM
NPs using pluronic F-127 or F-98 as a surfactant is still unclear.

In general, in vitro and in vivo tests are essential for evaluating
the imaging performance of any contrast agent. For in vitro or
ex vivo studies, Yu et al. [18] embedded a silicone tube (inner
diameter = 0.76 mm) in a silicone phantom at a depth of ~5 mm to
simulate a blood vessel. They inserted a small silicone tube (inner
diameter = 0.31 mm) into a piece of porcine muscle tissue
(thickness = 10 mm) to simulate a real tissue microenvironment.
For both the above models, high quality ex vivo UCF images with
good SNR were achieved by using ICG-PNIPAM NPs with ACA as the
initiator. However, in vivo UCF imaging has not been realized using
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Table 1
Overview of current NIR-UCF contrast agents.

Journal of Pharmaceutical Analysis 12 (2022) 530—540

Items Used NIR  Temperature tuner of the The type of the temperature-sensitive The type of the thermo- The type of the temperature-
dyes switchable threshold polymer nanoparticles responsive liposome responsive micelles

Components ADP-CA; TBAm; AAm; AH; AAc ICG-PNIPAM ICG-based DPPC ICG/ADP-CA based pluronic F-98
ICG and pluronic F-127

Targeting NR NR NR NR NR

biomolecules

Size NR NR 30—400 nm Around 7.0 um NR

Long-term toxicity Acceptable; Deleteriousness Unclear Safety or hypotoxicity Unclear
safe

ADP-CA: aza-BODIPY; ICG: indocyanine green; AH: allylamine; AAc: acrylic acid; PNIPAM: poly(N-isopropylacrylamide); DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine;

NR: not reported.

the same probe. Later, Yao et al. [40] found that the ICG-PNIPAM
NPs were moderately stable in the biological environment; they
were mainly accumulated into the spleen of the mice. Meanwhile,
the in vivo UCF imaging of mouse breast tumors and in vivo/ex vivo
UCF imaging of the mouse spleen were successfully realized using
ICG-PNIPAM NPs and frequency-domain (FD)-UCF system. The
main disadvantages of this contrast agent are that the size is too
large and the toxicity is unclear, and especially the targeted prop-
erty is lacking.

For elucidating the above-mentioned results, the two-
dimensional (2D) fluorescence planar image of the locally injec-
ted ICG-PNIPAM NPs in a mouse's breast tumor and the shell
temperature of the mouse are shown in Figs. 2A and B [40].
Figs. 2C—F [40] show that the 2D-UCF images with an X—Y plane
forming at different depths were also successfully obtained. In
addition, the top, right, and front side views of the reconstructed
three-dimensional (3D) CT image and 3D UCF image are shown in
Figs. 2G—I and Figs. 2J—L [40], respectively. These results are
consistent with the above inferences. An intravenous injection was
used for verifying the in vivo UCF imaging using the same nanop-
robe. The results showed that most of the ICG-PNIPAM NPs
remained in the position of the mouse spleen; the peak of the
fluorescence signal was reached at ~3—4 h after the intravenous
injection of mixed contrast agents (Figs. 3A—C) [40]. Similarly, the
2D-UCF images (Ex/Em = 808/830 nm) of different depths at X—Y
plane and the above-mentioned three views of the reconstructed
3D CT and 3D UCF images are shown in Figs. 3D—M [40]. The in vivo
UCF imaging was also successfully realized in this work. Further-
more, it was indicated that the UCF contrast agents with a median
hydrodynamic diameter (approximately 335 nm) were mainly
distributed in the positions of the spleen and liver with the uptake
of macrophages [42].

The in vivo UCF imaging has been successfully realized by using
ICG-PNIPAM NPs. However, a key disadvantage of this probe is that
its emission wavelength is lower than that of free ICG in water [17].
To improve the NIR emission property and increase the in vivo
retention time of ICG-PNIPAM NPs, Liu et al. [17] fabricated a PNI-
PAM/B-CD/ICG nanogels. The size of the as-prepared aqueous
nanogel with a globular-like shape was in the range of 40—200 nm,
and the mean particle size was approximately 32.3 + 0.7 nm
(PDI = 0.307). The hydrodynamic size of the aqueous PNIPAM/f-
CD/ICG nanogels (approximately 32 nm) was significantly
decreased as compared to that of the reported ICG-PNIPAM NPs
(approximately 335 nm) [40]. In particular, the locations of the
strongest absorption peaks were similar for both aqueous PNIPAM/
B-CD/ICG nanogels (approximately 770 nm) and ICG (approxi-
mately 785 nm) [17]. Similarly, the maximum emission peak of
PNIPAM/B-CD/ICG nanogel (approximately 790 nm) was compa-
rable to that of the ICG (approximately 810 nm) when they were
excited at 680 nm, which is favorable for deep-tissue UCF imaging.
They also obtained that the intensity of the absolute fluorescence
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was enhanced by augmenting the dosage of the B-CD/ICG complex.
The aqueous PNIPAM/B-CD/ICG nanogel had a feasible switching
feature. For example, the Ion/lorr Was nearly 4.4, and the phase-
transition temperature was around 37.5 °C, which were crucial
for acquiring high-quality UCF images. This synthetic strategy
improved the stability of ICG via the host-guest interaction of f-CD
and ICG molecules and promoted the switching efficiency and
hemocompatibility of ICG-PNIPAM nanogels. However, we think
that this synthesis strategy still has room for improvement via
photopolymerization and in-situ in vivo biological orthogonal
methods.

The PNIPAM/B-CD/ICG nanogels and the previous ICG-PNIPAM
NPs were injected into 1.5 cm and 3.5 cm thick chicken breast tis-
sues for inspecting the UCF imaging resolution. The results reveal
that the SNRs of the UCF image for both the nanogels are better
than that of the previously reported ICG-PNIPAM NPs. In particular,
the NIR-UCF imaging depth of the PNIPAM/B-CD/ICG nanogels can
be up to approximately 3.5 cm of the chicken breast tissue, which is
better than the reported values for NIR-I [30—32] and NIR-II
[1,4,33,34] contrast agents. In addition, it is comparable to the
imaging depths of approximately 3.2 and 3.0 cm in pork tissue and
slice pork ham using the NIR-I core/shell nanoparticles [35] and NIR
chemiluminescence emitter [36], respectively. Although the in vitro
experiments are a universal tool to explore the penetration depth,
tests in animal models cannot be superseded.

The metabolism results reveal that the prepared PNIPAM/B-CD/
ICG nanogels can rapidly accumulate inside the liver tissue. More-
over, they can be metabolized from the body through the syner-
gistic route of the hepatic-renal scavenging. However, the in vivo
NIR-UCF image in the location of the liver has not been obtained,
and only the ex vivo NIR-UCF imaging has been realized. These
results show that the physiologically stable nanogels can be
retained in mouse livers, which opens the possibility of diagnosing
liver-related diseases and exploring other biomedical applications
in the future. The biodistribution data indicate that the PNIPAM/B-
CD/ICG nanogels can efficaciously deposit the U87 tumor via the
enhanced permeability and retention effect. Based on this phe-
nomenon, the in vivo NIR-UCF imaging technique can provide
much more 3D tumor information than the conventional 2D planar
fluorescence imaging technique. In addition, the design and syn-
thesis of the temperature-sensitive polymer NPs with active tar-
geting property are still highly desired.

3.3. Thermosensitive liposomes

For in vivo UCF imaging, the thermosensitive liposome may be a
more promising UCF probe carrier than the present temperature-
responsive nanoparticles. First, the as-used NIPAM and 2,2-
azobisisobutyronitrile during PNIPAM synthesis are toxic to living
cells [43]. Second, the excitation and emission wavelengths of the
aqueous B—CD/ICG-based nanogels (Aex = 770 nm, Ae; = 790 nm)
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are still different from that of the aqueous ICG solution
(Aex = 785 nm, Aery = 810 nm) [17]. Finally, the current pluronic
micelle-based probes are unstable in biological tissues; thus, it is
significantly difficult to use them for in vivo UCF imaging [44].
Liposomes have a single or multiple phospholipid bilayer
membranes outside the internal aqueous core [45]. They can be
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used to encapsulate hydrophilic drugs within the aqueous core,
whereas lipophilic drugs can be incorporated into the membrane
[46]. The size of the spherical vesicle is between micrometers and
nanometers. In general, liposomes within the size range of
50—450 nm are employed in nanomedicine [47]. The size of the
liposome is a key factor for clinical use. The relevant findings
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indicate that the large-sized liposomes are quickly removed from
the body [48].

In 2016, Zhang et al. [49] first reported that ultrasound can
enhance the fluorescence signals of nanoscale excimer-emitting
liposomes [49]. They used pyrene labeled on the fatty acid tail
group or the head group of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) phospholipids as the fluorochromes and
unlabeled DPPC phospholipids as the carrier to prepare the lipo-
somes via a freeze-thaw extrusion method. The results showed that
the fluorescence emission intensity was increased when both the
liposomes were exposed to ultrasound radiation. In 2017, Zhang et
al. [41] developed a nanoscale ultrasound-switchable liposome
fluorescent probe for NIR fluorescence imaging in optically turbid
media based on the mechanism of the fluorescence resonance
energy transfer (FRET) via ultrasound irradiation means. The results
indicated that this method improved the image spatial resolution
by 6.3 times as compared to that of the traditional fluorescence
imaging. The FRET approach is independent of the variations in the
local temperature, which is different from the previously reported
UCF systems. In addition, the physiological stability and bio-
distribution of the dye-labeled liposomes and in vivo UCF imaging
have not been explored yet.

In 2020, Liu and co-workers [39] used an ICG-liposome contrast
agent for in vivo UCF imaging. Utilizing an evaporation-induced
self-assembly method, they encapsulated an NIR ICG dye into the
DPPC phospholipid membrane to fabricate the ICG-liposome. The
as-prepared ICG-liposome (Table 1) with a size of around 7.0 pm
had two LCSTs at 32 and 42 °C. To test the feasibility of the UCF
imaging using the ICG-liposome probe, they embedded a silicon
tube in a porcine muscle tissue as a tube model. The results vali-
dated the ability of the ICG-liposome in centimeter-deep tissue UCF
imaging (1 and 1.5 cm). They also explored the UCF imaging in a
tissue environment using ICG-liposome and commercial CT
contrast agent and achieved good results in tissue and U87 tumor
models. In addition, the in vivo tumor mouse model experiments
indicate that the ICG-liposome can be effectively used for in vivo 3D
UCF imaging inside a U87 tumor microenvironment. The bio-
distribution data show that the ICG-liposome is primarily accu-
mulated at the lung, liver, and small intestines during the initial
stage; then, it is transported to the liver and small intestines. The
metabolic route reveals that most of the liposome-based probe is
initially gathered in the liver, and then is tardily degraded and
transported to the small intestines. The US FDA-approved DPPC and
ICG were used in this work. Hence, the ICG-liposome is safe to use.

Although the ICG-liposome has been successfully used for
ex vivo and in vivo NIR-UCF imaging, synthesis of the small-sized or
nanoscale ICG-liposome with specific targeting functions still needs
to be explored in the future. A smaller liposome with a larger sur-
face area is significantly beneficial in bypassing biological barriers
for blood vessel circulation [49]. In particular, the nanoscale ICG-
liposome with active targeting characteristics for UCF imaging is
highly desired in the future, which will significantly help in
improving the sensitivity and temporal-spatial resolution of in vivo
NIR-UCF imaging.

Overall, the success of in vivo UCF imaging primarily depends on
the physiological stability of probes in biological tissues. In addi-
tion, the UCF probe with an excellent switchable property can
ameliorate the SNR and reduce the required ultrasound power.
Besides, an advanced and ultrasensitive UCF imaging system is also
essential in generating high-quality UCF images. Such a UCF im-
aging system that can provide comprehensive 3D information is
conducive to future biomedical research.
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4. Advances in NIR-UCF imaging systems

In general, based on the variation in the fluorescence signal
caused by ultrasound [21], the UCF imaging pattern is divided into
two kinds: fluorescence intensity-based UCF imaging [37] and
fluorescence lifetime-based UCF imaging (Fig. 4A) [13]. The existing
studies show that high-resolution imaging of deep tissues can be
achieved using both these imaging modalities. Herein, these im-
aging modalities are briefly reviewed.

4.1. Fluorescence intensity-based UCF imaging system

The working principle of the fluorescence intensity-based UCF
imaging system is described as follows. First, the UCF contrast
agents are injected into a silicone tubing within the biological tis-
sue sample. An 808 nm semiconductor laser is used for continu-
ously irradiating the superstratum of the tissue sample. The
fluorescence signal of the NIR-UCF probes is generated under laser
irradiation and passes through the biological tissue to the surface of
the sample. Then, it is collected by a fiber bundle. The acquired
fluorescence signal is transmitted through a specific filter and is
further converted into the electrical signal via a photomultiplier
tube (PMT); the electrical signal is displayed on an oscilloscope. The
detected area of the sample is scanned by a focused ultrasound
pulse in a point-by-point way. During the operation, the intensity
and duration of the ultrasound pulse and the collection of fluo-
rescence signals are manipulated by a pulse delay generator. The
UCF images are finally reconstructed by the signals at each pixel.
According to the above working mechanism, the resolution of UCF
imaging is mainly influenced by the focal spot size of the focused
ultrasound pulse. The imaging depth significantly depends on the
switching multiple of the fluorescence signal and the SNR and
sensitivity of the UCF imaging system.

The fluorescence intensity-based UCF imaging system was
ameliorated by the same research group in 2016 [38]. Based on
the previous UCF imaging system, they mainly implemented
the following improvements (Fig. 4B) [38]. 1) The 808 nm semi-
conductor laser could be used to modulate the intensity of exci-
tation light; the generated fluorescence signal was collected by
using the phase-locked amplification technique. 2) The fluores-
cence signal was correlated with the frequency domain charac-
teristics for differentiating the UCF signal. 3) The fluorescence
intensity of the UCF probes could be enhanced more than 200
times by using focused ultrasound. The results indicated that a
resolution of 900 um was obtained in the 3.1 cm thick biological
tissue phantoms.

Kandukuri et al. [50] reported a dual-modality imaging system
containing UCF and B-mode ultrasound for acquiring the multi-
color images and acoustic structure images of centimeter-deep
tissue. A unique feature of this work is that they used two 90°-
crossed focused ultrasound transducers with a superimposed focal
region for realizing UCF imaging and ultrasound imaging on the
X—Z plane. In the previous FD-UCF system, the emitted fluores-
cence photons of the UCF contrast agents are collected by a fiber
bundle. Therefore, the collection of the emitted photon and the
speeds of the scanning and imaging are inefficient. Because a raster
scan is used in the FD-UCF systems, the tissue sample generally
takes longer to cool before initiating data acquisition at the next
scanning spot or location. A significant improvement in the UCF
imaging system was validated by Yao et al. [20] in 2019. In this
work, the optical detector of the UCF system was replaced by an
electron-multiplying charge-coupled device (EMCCD) camera, and
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Fig. 4. (A) Illustration of the fluorescence lifetime-based UCF imaging system [13]. (B) Schematic diagram of the frequency-domain UCF imaging system with a fluorescence in-
tensity readout [38]. (C) Illustration of ICCD camera-based time-domain UCF imaging system [51]. (D) Schematic of the preparation of NIR-II polymer dots [56]. EMCCD: electron
multiplying charge coupled device; ICCD: intensified charge coupled device. (Reprint with permission from Refs. [13,38,51,56].)

the Z-scan method was adopted. Consequently, the imaging speed
was promoted by four times over the previous raster scan, and the
UCF imaging was further proved by using a micro-CT system.
Subsequently, Yu et al. [51] developed an intensified charge-
coupled device (ICCD) camera-based time-domain UCF imaging
system for collecting high-quality UCF images (Fig. 4C). The laser
device and ICCD camera were intelligently coupled into an inverted
fluorescence microscope in this system. In 2020, Yu et al. [52]
successfully obtained in vivo UCF images of the glioblastoma tumor
by combining this ICCD camera-based imaging system and ICG-
PNIPAM NPs with a particle size of approximately 330 nm. In
particular, the 3D micro-mesoscopic information of lesion tissue
was well presented.

Although several improved versions of the UCF imaging sys-
tems have been proposed, the emitted photons are usually
collected by a single-fiber bundle and then transmitted to a PMT.
Recently, Yao et al. [53] developed an EMCCD camera-based UCF
imaging system. This system effectively surmounted the limita-
tions of the previously reported UCF imaging systems. The differ-
ences between this new system and the previous UCF systems are
as follows: 1) The exposure of the EMCCD camera was manipulated
by a MATLAB software. 2) The photon collection efficiency and the
imaging speed were enhanced by combining the EMCCD camera
and Z-scan method. 3) The SNR and depth of NIR-UCF imaging
were improved by employing the ICG-liposome and controlling
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the electron multiplying gain. In particular, the imaging depth
could be up to 5 cm in chicken breast tissues. The findings on this
newly designed EMCCD-UCF system indicated that the synthe-
sized ICG-liposome (approximately 181 nm) had a better UCF
imaging property than the previously reported PNIPAM/B-CD/ICG
nanogels. In particular, the MATLAB trigger mode was more stable
and intelligent than the hardware trigger mode for the electron
multiplying gain. This work opens a new possibility for improving
imaging speed and accurate imaging in tumor tissues. However,
further research and validation for these challenging properties
need to be explored in the future.

4.2. Fluorescence lifetime-based UCF imaging system

The enlargement of the fluorescence lifetime for the UCF probes
under the HIFU radiation was initially reported by Yuan et al. [13] in
2012. As shown in Fig. 4A, a picosecond pulsed laser as the exci-
tation light source was used to irradiate the sample in this imaging
system. Typically, the temperature of the sample at the focus area of
the acoustic field increased due to the ultrasonic radiation, leading
to an increase in the fluorescence lifetime of the UCF probe. Thus, it
was highly possible to identify the UCF signal by detecting the
fluorescent photons after a specific delay time of the excitation light
pulse. We note that the ability of this system to execute sub-
millimeter-resolution deep-tissue imaging was proved in this
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Table 2
Comparison of various UCF imaging performances during the period of 2012—2021.
System SNR Resolution Imaging depth Scan speed Refs.
Fluorescence lifetime-based UCF ~ ND FWHM = 600 pm (depth-to-resolution is 20 mm optically turbid Moderate [13]
system improved from 10 to 100) medium
EMCCD-based UCF system Resolution improved FWHM = 9.59 mm Pig tongue tissue Fast (4 times over the [20]
by 11 times raster scan)
Fluorescence intensity-based UCF ND FWEM = 0.68 mm in tube model ND Slow [37]
system
Frequency-domain UCF system 17.6—242 900 um 3.1 cm-thick biological Slow [38]
tissue phantoms
Hybrid UCF and B-mode system ND FWHM = ~1.5 mm 14 mm-thick biological Moderate [50]
tissue phantoms
ICCD-based time-domain UCF 713 FWHM = 1.36 mm Silicone phantoms General [51]
system
EMCCD-gain-controlled UCF system (8.69—41.56) dB FWHM = 1.65 mm 5.5 cm-thick chicken breast Faster [53]
tissue
Ultrasound-pulse-guided digital ND Below 40 pm 2 mm-thick tissue Moderate [54]
phase conjugation phantoms

SNR: signal-to-noise ratio; EMCCD: electron-multiplying charge-coupled device; FWHM: full width at half maximum; FWEM: full width at one eighth of the maximum; ICCD:

intensified charge coupled device; ND: no data.

Table 3
Comparison of the ultrasound control conditions in various UCF systems during the period of 2012—2021.
System Ultrasonic exposure Frequency of HIFU Scanning mode Scan area HIFU driving Refs.
time (ms) transducer (MHz) voltage (mV)
Fluorescence lifetime-based UCF 100 2.5 X—Y plane ND ND [13]
system
EMCCD-based UCF system 500 2.5 Z-scan 9.906 mm x 9.906 mm 60 [20]
Fluorescence intensity-based UCF 300 2.5 X—Y plane 4.06 mm x 1.02 mm ND [37]
system
Frequency-domain UCF system 300 2.5 X-Y plane ND 80 and 100 [38]
Hybrid UCF and B-mode system ND 9 1-3D scanning Overlapped focal region ND [50]
ICCD-based time-domain UCF 400 25 X—Z plane Scanning range of 3.96 mm, step 70—160 [51]
system size of 76.2 um
EMCCD-gain-controlled UCF ND 2.5 Combined Z-scan and 8.128 mm x 4.064 mm ND [53]
system MATLAB trigger mode
Ultrasound-pulse-guided digital ND 50 X—Y—Z plane 30 um of step size ND [54]

phase conjugation

HIFU: high-intensity focused ultrasound; EMCCD: electron-multiplying charge-coupled device; ICCD: intensified charge coupled device; ND: no data.

work. The SNR of the fluorescence lifetime-based UCF imaging is
required to be higher than that of the fluorescence intensity-based
UCF imaging [21], which is more attractive for high-quality UCF
imaging. However, the relevant reports on this topic are rare.
Therefore, novel NIR-UCF imaging techniques based on the fluo-
rescence lifetime principle is still highly desirable for the moni-
toring and therapy of diseases.

Although various UCF imaging systems have been developed
in the last few years, each imaging system has its advantages
and disadvantages. A detailed comparison of the properties
of various UCF imaging systems is shown in Tables 2 and 3
[13,20,37,38,50,51,53,54]. The newly developed EMCCD-gain-
controlled UCF imaging system with high resolution, large scan
speed, excellent SNR, and better imaging depth exhibits immense
potential for in vivo UCF imaging and investigation on deep-tissue
lesions. It will be useful for examining the vascular dynamics in
animal models and understanding the cerebral diseases in deep
tissues [55]. From the perspective of ultrasonic control conditions,
the optimized parameters of the given HIFU conditions are also
useful for improving the performance of the ex vivo or/and in vivo
UCF imaging.

5. Conclusions and perspectives

Over the past few years, the UCF technique has been established
as a novel tool to realize high-resolution fluorescence imaging in
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centimeter-deep tissues. One of its significant attributes is that it
resolves poor spatial resolution in the deep tissues. Besides, a his-
tological 3D image of the entire organ can be obtained by this
imaging tool, which may provide useful insights into the tissue
morphology, physiological processes, and the invasion and metas-
tasis of tumors. Several ICG-based UCF probes have been excavated
and used for ex vivo and/or in vivo NIR-UCF imaging. The thriving
nanotechnology field can boost the design and synthesis of new
UCF contrast agents. It has significant potential to exploit novel
disease diagnostic methods in centimeter-deep tissues. In the
present review, the recent advances (2015—2020) in the design and
synthesis of the contrast agents and the improvements in the im-
aging systems for realizing high-resolution UCF imaging of deep
tissues are summarized. In particular, recent progress in the evo-
lution of the UCF probes, improvements in the UCF imaging sys-
tems, and in vivo UCF imaging are systematically explored.

Some key developments have occurred in this field. However,
several challenges still limit the practical applications of in vivo UCF
imaging technology: 1) limited polarity/temperature-sensitive NIR
dyes and stable thermo-responsive polymer carriers, especially lack
of the active targeting function; 2) poor stability and retention time
of the UCF probes in vivo; 3) low on/off ratio of the UCF contrast
agents; 4) potential toxicity of the developed UCF probes; 5)
absence of highly sensitive and fast scanning UCF imaging systems;
6) optimization of such parameters, including the ultrasound con-
trol conditions and scanning model, might solve the current
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problems. Therefore, further developments and in-depth in-
vestigations of the following are required to improve the diagnostic
efficiency of in vivo UCF imaging technique and accelerate its
clinical translation:

1) Exploring the feasibility of novel temperature-sensitive NIR
dyes and thermo-responsive polymer carriers for the ex vivo
and/or in vivo UCF imaging;

2) Integrating novel NIR dyes [56] into some intelligent
temperature-sensitive carriers with negligible nanotoxicity and
desired biocompatibility, and tailoring switchable properties;

3) Excavating the aggregation effect and biological mechanism of
the UCF nanoparticles to target lesion tissues;

4) Evaluating the physiological stability and metabolism of the UCF
probes;

5) Developing inexpensive and swift UCF imaging systems;

6) Incorporating acousto-optical tomography [57], NIR-II emissive
polymer dots (Fig. 4D) [56] and aggregation-induced emission
dyes [58] into UCF imaging technique may tackle some of the
above-mentioned challenges;

7) From the clinical transformation point of view, the UCF tech-
nology still requires further development; the UCF imaging
system with excellent and stable properties and NIR-UCF
contrast agents with good biocompatibility are still being opti-
mized and developed.

In our view, the current UCF imaging methods may more easily
achieve clinical transformation in drug screening, liquid biopsy, and
diagnosis and treatment of skin diseases. Moreover, the challenges
can be addressed through multidisciplinary methods, including
chemistry, biology, artificial intelligence, and material chemistry.
These advances may provide valuable insights and ideas for
designing new UCF probes and imaging systems and simulta-
neously facilitate their clinical applications in the targeted diag-
nosis of malignant tumors and detection of disease markers.
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