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Abstract

Liposomes have been widely used in both medical imaging and drug delivery fields due to their 

excellent biocompatibility and easy surface modification. Recently our lab reported the first-time 

implementation of temperature-sensitive and indocyanine green (ICG)-encapsulated liposome 

microparticles for in vivo ultrasound-switchable fluorescence (USF) imaging. A previous study 

showed that liposomes microparticles achieved USF imaging in centimeters-deep tissue. This 

study aimed to control the size of liposomes in the nanoscale and study the size effect on 

USF imaging depth. Also, we explored the feasibility of combining USF imaging with an 

ultrasound-controlled release. Liposomes were synthesized via the hydration method and the 

size was controlled with an extruding process. Characterizations, including fluorescence profile, 

spectra, size, stability, encapsulation efficiency, and ultrasound-controlled release, were evaluated. 

USF imaging in blood serum was conducted successfully in a phantom model, and an imaging 

depth study was conducted at 1.0 cm and 2.5 cm and confirmed that nano-sized liposomes had 

a stronger USF signal than micron-sized liposomes. Additionally, releasing tests indicated that 

both ultrasound power and exposure time affected release efficiency that increasing the power 

and extending the exposure time led to higher release efficiency. Above all, this study shows the 

potential for using liposomes for USF imaging and ultrasound-controlled release.
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Study achieved centimeter-deep ultrasound switchable fluorescence (USF) imaging and ultrasound 

assisted release in vitro with indocyanine green dye encapsulated liposome nanoparticles (ICG-

liposomes). Size effect of ICG-liposomes on both USF imaging and ultrasound assisted release has 

been studied and it provided support for future in vivo application.

Keywords

liposomes; size; ultrasound-switchable fluorescence; ultrasound-controlled release

1. Introduction

Fluorescence imaging is a major biomedical imaging technology that has been used 

for drug delivery tracking, disease diagnoses, in vivo molecular dynamics study, and 

treatment evaluation.1-3 However, conventional fluorescence imaging using near-infrared 

(NIR) fluorophores with a wavelength in the first window (NIR-I, 700-900 nm) suffers from 

low spatial resolution (such as a few millimeters) in centimeters-deep tissue due to tissue 

significant light scattering. One of the methods to improve the imaging resolution (such as 

sub-millimeters or better) is to reduce the light scattering by adopting a longer wavelength, 

such as using a fluorophore with an emission wavelength in the second NIR window 

(NIR-II, 1,000-1,700 nm). According to a recent report, this goal was achieved at an imaging 

depth of 1.5 cm in live biological tissue via a novel NIR-II fluorophore (excited at 808 nm 

and detected at >1250 nm).4 However, the benefit of using NIR-II fluorophores compared to 

NIR-I fluorophores faded (or limited), worsening when targeting much deeper tissue (such 

as >2 cm). This is mainly because the absorption of water and lipid is much stronger at NIR-

II and limits its penetration depth in live tissue.5 We developed the ultrasound-switchable 

fluorescence (USF) imaging technique in our lab and attained a high spatial resolution in 

centimeters-deep tissue using USF contrast agents containing NIR-I fluorophores (but not 

limited to NIR-I fluorophores).6,7 The USF working principle involves using a focused 

ultrasound (FUS) transducer to heat a small region, and only the temperature-sensitive 

contrast agents within this region are switched on due to size reduction and change of 

microenvironment inside contrast agents, leading to an increase in the fluorescence emitted 

by the agents. The spatial resolution of the USF imaging is determined by the focal size of 
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the FUS transducer and contrast agents play an important role in determining USF signal 

strength and imaging depth. Reducing both scattering and tissue absorption will improve 

USF signal strength and imaging depth. Usually, light absorption is the major limiting factor 

of the USF signal strength and imaging depth in much deeper tissue (such as >2 cm). 

Compared to computed tomography, which usually need the help from radioactive contrast 

agent for targeting imaging, the contrast agent used for USF imaging is safer and does not 

involve radioactive beam. Compared to conventional ultrasound, USF technique can not only 

image in centimeter-deep tissue with high resolution, but also apply potential multicolor 

imaging techniques to identify different targeting objects.

Currently, three major types of contrast agents are used for USF imaging, including 

micelles, polymer-based nanogel, and liposomes. The micelle, a single lipid layer particle, 

showed an incredibly high fluorescence intensity on-to-off ratio of more than 200.8 In 

addition, successful USF imaging was conducted under a 3.1 cm thick porcine tissue. 

However, the micelle’s structure was unstable after mixing with mouse blood, which 

prevented it from in vivo USF imaging. The second well-developed contrast agent was a 

thermosensitive polymer-based nanogel, poly(N-isopropylacrylamide) (PNIPAM).9 It has 

outstanding stability and can be stored for a year or longer.10 More importantly, its 

USF property remains in biological environments (such as in blood or tissue fluids) and 

has been successfully demonstrated for in vivo USF imaging of mouse muscles and 

organs (such as livers and spleens) via either a local or an intravascular injection.11,12 

Recently, the PNIPAM-based contrast agent was further refined by shifting the emission 

peak from 610 nm to 790 nm, resulting in a stronger USF signal.13 Modification of 

PNIPAM-based nanoparticles were investigated and pH sensitive PNIPAM nanoparticles 

were obtained that USF fluorescence intensity increases while in low pH environment.14 

Nevertheless, the biocompatibility of PNIPAM-based agents is a potential concern.15,16 

To improve biocompatibility, indocyanine green (ICG)-encapsulated liposomes, which 

comprise biocompatible lipids, were developed. A higher fluorescence intensity change was 

observed compared to that of the PNIPAM nanogels, and a successful in vivo USF imaging 

was conducted in the liver.6,17 However, the liposomes were around 6.5 μm in size, which 

was too large and limited the in vivo usage.

Liposomes have been widely used as a drug carrier because of their outstanding advantages, 

including biocompatibility, self-assemble capability, feasibility to load both polar and 

nonpolar drugs, and easy surface modification for molecular targeting. For example, 

doxorubicin (DOX)-encapsulated liposomes were used for targeted drug delivery.18-20 

However, the lack of drug release control is considered an issue.21 Ultrasound-mediated 

drug release of liposomes is one of the potential solutions to overcoming this barrier.22,23 

Studies on liposome structure modification via PEGylation on the surface found increased 

efficiency of liposomes broken via ultrasound.24 Combining imaging with liposome drug 

release provides a controllable drug delivery option, and a recent report showed the success 

of using fluorescence imaging to confirm the accumulation of liposomes in a tumor before 

conducting a temperature-triggered drug release.25

Liposome’s size plays a vital role in in vivo applications such as imaging and drug delivery. 

It is well-known that liposomes can be used as a carrier to protect active ingredients from 
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rapid clearing from the body and its size affects in vivo biodistribution and circulation time 

in mice.26 Liposomes sized between 150 nm and 200 nm have decreased liver uptake and 

prolonged circulation time in mice. In contrast, liposomes with a size greater than 300 nm 

have shorter circulation time and tend to accumulate in the spleen. In addition, liposomes 

with a size less than 70 nm have comparable circulation time to liposomes with a size 

greater than 300 nm, but they do not accumulate in the spleen and have higher uptake in 

the liver.27,28 Also, the size of liposomes is known to affect the encapsulation efficiency.29 

The encapsulation efficiency of liposomes with sizes smaller than 50 nm may be limited 

due to the smaller volume.30 Furthermore, the toxicity of liposomes increases as the size 

increases.31

A combination of USF imaging with ultrasound-controlled release using liposomes as both 

imaging contrast agents and content carriers is proposed in this study. Various sizes of 

liposomes were synthesized, and the surface of the liposomes was decorated with PEGylated 

chains with a folate functional group at the end of the chain to enhance physiological 

stability and to increase ultrasound breaking efficiency and potential future folate targeting. 

The relationship between the emitted fluorescence intensity and temperature was examined 

with an in-house built cuvette system. Both excitation and emission spectra were measured 

with a spectrometer, and the hydrodynamic size was studied using a dynamic light scattering 

(DLS) particle analyzer. The size effect of liposomes on USF imaging depth was studied 

with a chicken breast tissue stacked phantom model. Finally, the release efficiency was 

examined under FUS powers and exposure times. Results showed that liposomes can be 

potentially used for centimeters-deep tissue USF imaging and drug delivery application.

2. Experimental

2.1 Liposome synthesis

The schematic diagram of synthesizing ICG-encapsulated liposomes (ICG-liposomes) is 

shown in Figure 1. Both 5 mg of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

and 0.22 mg of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene 

glycol)-2000] (DSPE-PEG2000-Folate) were dissolved in 2 mL chloroform (98 %, Fisher 

Scientific International, Inc., USA). A rotor evaporator (R300, BUCHI, Corp., USA) was 

used to completely evaporate chloroform at 55 °C, −85 kPa, and 120 rpm in 30 min. A thin 

layer of lipid film formed on the wall of the flask. Then, 0.8 mL of pre-warmed ICG (≥96 

% HPLC, Fisher Scientific International, Inc., USA) aqueous solution (0.07 mg/mL) was 

pipetted into the flask and swirled in a water bath at 55 °C for 30 seconds, followed with 

hydrolyzing lipids in a rotor evaporator at 42 °C and 120 rpm for 1 hr. The micron-sized 

ICG-liposomes were collected and stored at 4 °C. Next, the size of the ICG-liposomes 

was reduced and controlled via the extrusion method. The desired polycarbonate filter disk 

size (30 nm, 50 nm, 100 nm, or 200 nm) was selected and installed in the mini-extruder 

(Avanti Polar Lipids Inc., USA) with two filter supports. The filter disk was pre-wetted with 

deionized (DI) water before extruding. The ICG-liposomes were aspirated to a gas-tight 1 

mL syringe and inserted to the mini-extruder. Another empty syringe was inserted to the 

other end of the mini-extruder. The assembled mini-extruder apparatus was placed in a 

pre-heated (50 °C) heating block and waited for 10 min for temperature of the solution to 
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equilibrate. Afterward, the ICG-liposomes were filtered 19 times. When filtering with both 

the 30 nm and 50 nm filter disks, a pre-filtering using the 100 nm filter disk was required. 

Next, the obtained ICG-liposomes were dialyzed against DI water at 4 °C for 24 h to remove 

free lipids and free ICG dye molecules. The final volume of ICG-liposomes was adjusted to 

3.5 mL using DI water. Finally, the ICG-liposomes were stored in a sealed container at 4 °C 

and used within 2 days. Both DPPC and DSPE-PEG200-Folate were purchased from Avanti 

Polar Lipids, Inc., USA.

2.2 Liposome characterization

The effectiveness of ICG-liposomes as a USF imaging contrast agent was evaluated via an 

in-house built cuvette system.6 Briefly, 3 mL of ICG-liposomes were transferred into a 3.5 

mL quartz cuvette (Hellma, Germany), which was placed inside a temperature-controlled 

holder (Quantum Northwest, Inc., USA). An 808 nm laser (MGL-II-808-2W, Dragon 

Lasers, China) was used as excitation light to excite ICG-liposomes. The emission light was 

passed through an 830 nm long-pass (LP) filter (Semrock, USA) before being collected by 

a modular USB spectrometer (USB2000+, Ocean Inlight, USA). The emitted fluorescence 

intensity changed with respect to the change in temperature and was recorded with a 

temperature increment of 0.1 °C. In addition, the stability of ICG-liposomes was evaluated 

with the effects of ionic strength and pH using the cuvette system. A potassium chloride 

(KCl) solution with different concentrations (0, 25, 50, 100, 150, and 200 mM) or an 

aqueous solution with various pH (5.2, 6.3, 7.4, and 9.2) were mixed with ICG-liposomes 

in a 5:1 ratio (v/v), accordingly. More, to further study the stability of ICG-liposomes 

in physiological condition, the mouse blood serum (BioIVT, USA) was mixed with ICG-

liposomes (1:1 v/v), and the fluorescence intensity change with respect to the change in 

temperature was measured using the cuvette system.

The hydrodynamic size of ICG-liposomes was measured using the DLS particle analyzer 

(NanoBrook 90PlusPALS, Brookhaven Instruments, USA). The incident angle of the 659 

nm laser was 90°. Samples were diluted with DI water until the count rate reached 300–700 

kcps, and the temperature was set at 25 °C. Measurement was repeated three times. The 

excitation and emission spectra of ICG-liposomes were characterized via a spectrometer 

(Fluoromax-Plus-C, Horiba, Japan) using a 300 μL quartz cuvette (Hellma, Germany) and 

stirring at 25 °C. The excitation spectrum was scanned from 650–810 nm with an 830 nm 

LP emission filter and an emission recording wavelength at 850 nm. The emission spectrum 

was acquired using a 530 nm excitation light and a 550 nm LP emission filter (Semrock, 

USA) and recorded from 650–850 nm.

2.3 USF imaging: tube model and depth study

The setup of the frequency-domain USF imaging system has been demonstrated in previous 

published works and the schematic diagram is shown in Figure S1.32 The effectiveness of 

the ICG-liposomes for USF imaging was evaluated using a tube phantom model. Briefly, 

a silicone tube (ST 60-011-01, Helix Medical, USA) with an inner diameter of 0.31 mm 

and an outer diameter of 0.64 mm was inserted through the bottom of a silicone phantom, 

which had a thickness of 0.8 cm. The silicone phantom was prepared with addition of 

0.06 mg/mL titanium dioxide as a scattering medium. Then, the tube model was immersed 
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into a 37 °C water tank to mimic the body temperature. The USF imaging was conducted 

with various sized ICG-liposomes mixed with either DI water or mouse blood serum (1:1 

v/v). The mixture was injected into the tube and waited for 10 min to equilibrate the 

temperature. A 2.5 MHz FUs transducer (H-108, Sonic Concepts Inc., USA) was mounted at 

the bottom of the water tank and focused on the silicone tube. The FUS was used to elevate 

temperature and switch on the ICG-liposomes within the focal volume. The estimated FUS 

power used during USF imaging was 0.19 W, and the mechanical index (MI) was 0.97. 

The scan area was 5.08 mm × 5.08 mm, and the step sizes were 2.54 mm and 0.254 mm 

in X and Y directions, respectively. A 785 nm laser (MDL-III-785-2W, CNI, China) was 

used as the excitation light (121 μW/cm2) and filtered through a 785/62 nm band-pass filter 

(Semrock, USA). The excitation light intensity was measured using a power and energy 

meter (PM100D, Thorlabs, Germany). The emission light was collected using a fiber bundle 

and passed through one 830 nm absorption filter (Semrock, USA) and two 830 nm LP filters 

before being collected by a photomultiplier tube (H7422-20, Hamamatsu, Japan).

A depth study was conducted using the tube model with different thicknesses (1.0 cm and 

2.5 cm) of chicken breast tissue stacked on top of the phantom. Similarly, various sized 

ICG-liposomes were injected into the tube and conducted USF imaging with the same scan 

area and step sizes. The FUS power was 0.77 W (MI: 1.93), and the laser intensity was 544 

μW/cm2 and 7.6 mW/cm2 for USF imaging at 1.0 cm and 2.5 cm thicknesses, respectively.

2.4 Releasing test and encapsulation efficiency

The ultrasound triggered releasing test was studied by adding 500 μL ICG-liposomes into a 

cylindrical vessel with bottom sealed with parafilm and top enclosed with a rubber stopper. 

Then, the vessel was immersed into a 37 °C water bath. A 2.5 MHz FUS transducer was 

fixed at the bottom of the water tank and focused on the solution. A pulsed cycle (pulse 

repetition period: 15s, pulse on: 400 ms) was generated using a function generator (33500B, 

Agilent, USA) and amplified by a 50 dB-gain radio frequency power amplifier (A075, E&I, 

USA). Three different ultrasound powers of 0.19 W (MI: 0.97, P1), 1.74 W (MI: 2.90, 

P2), and 4.82 W (MI: 4.83, P3) were implemented to break liposomes. A two-dimensional 

scan was conducted using a three-axis motorized translational stage (XSlide™ and VXM™, 

Velmex Inc., USA) to mimic a USF imaging scenario. The scanning area was 5.08 mm x 

5.08 mm with a step size of 0.508 mm in both X and Y directions. After scanning, the ICG-

liposomes were transferred into a 1.5 mL microcentrifuge tube and centrifuged at 10,000 xg 

for 45 min at 4 °C. The intact ICG-liposomes were sedimented at bottom of the tube, and the 

released ICG was dispersed in the solution, which was then transferred into a 300 μL quartz 

cuvette, and the fluorescence intensity was measured using the spectrometer. In addition, to 

study the effects of ultrasound exposure time on breaking liposomes, scanning was repeated 

five times with ultrasound power of 4.82 W (P4). To exclude the effect of temperature on 

ICG-liposomes’ destruction and preexisting free ICG influence, a negative control, which 

was not exposed with ultrasound, was kept at 37 °C for a corresponding scanning time. 

More, a positive control (100 % release) with completely broken ICG-liposomes solution 

was prepared using a sonic dismembrator (FB505, Fisher Scientific, USA) with 20 % power 

and 30 % duty cycle for 3 minutes in an ice bath. For all releasing tests, the ultrasound 

triggered content release percent was quantified using Equation 1.

Liu et al. Page 6

J Mater Chem B. Author manuscript; available in PMC 2023 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ultrasound Triggered Release % = S − NC
PC−NC × 100 % (Equation 1)

S: fluorescence intensity of sample, counts

NC: fluorescence intensity of negative control, counts

PC: fluorescence intensity of positive control, counts

The ICG encapsulation efficiency was calculated via Equation 2. After synthesizing ICG-

liposomes, the unencapsulated ICG was separated from ICG-liposomes via centrifugation. 

Then, a spectrometer was used to acquire the fluorescence intensity of the unencapsulated 

ICG. Meanwhile, an ICG aqueous solution, which had the same concentration used during 

ICG-liposomes synthesis (0.016 mg/mL), was prepared, and the fluorescence intensity was 

measured.

Encapsulation Efficiency % = (1 − Unencapsulated ICG
ICG solution ) × 100 % (Equation 2)

3. Results

The ICG-encapsulated and thermosensitive liposomes were synthesized via the hydration 

method, and the size of liposomes controlled via extrusion approach. To evaluate the 

USF imaging feasibility of the ICG-liposomes, the fluorescence intensity profile, which 

showed the relationship between the change of fluorescence intensity and the change of 

temperature, was studied. Factors such as background fluorescence intensity, lower critical 

solution temperature (LCST) or switch on temperature, fluorescence intensity on-to-off 

ratio, absolute fluorescence intensity change, and transition temperature range are critical 

to assessing the USF imaging capability for a contrast agent. The fluorescence intensity 

profile is shown in Figure 2a and 2b for both filtered and unfiltered ICG-liposomes. It is 

clear to state that the fluorescence intensity gradually increases first, followed by a sharp 

upsurge within the narrow transition temperature range, and finally levels off. According to 

the normalized data shown in Figure 2b, the shape of the fluorescence intensity profiles was 

similar for different sized ICG-liposomes. A linear relationship between the hydrodynamic 

size measured with the DLS and the filter size used during extrusion is indicated in 

Figure 2c. The ICG-liposomes had hydrodynamic sizes of 82.3, 94.0, 117.7, and 162.4 

nm after extrusion with 30, 50, 100, and 200 nm filter disks, respectively. The TEM image 

shows a round shape of the ICG-liposomes (Figure S2). According to Figure 2d, smaller 

ICG-liposomes tended to have stronger background fluorescence. Figure 2e shows that the 

filtered or nano-sized ICG-liposomes had lower LCSTs around 38.8 °C, and the unfiltered 

or micron-sized ICG-liposomes had an LCST at 40.4 °C. The on-to-off ratio with respect 

to the size of ICG-liposomes is presented in Figure 2f, and no obvious difference was 

observed between various sized ICG-liposomes. Further stability result showed that 200 nm 

filtered ICG-liposomes remained stable within 3 on/off cycles. The absolute fluorescence 

intensity difference between switch on and off is one of the key factors that determines 
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the potential USF imaging depth of contrast agents. An obvious decrease in absolute 

fluorescence intensity difference is recognized as the size of ICG-liposomes increase (Figure 

2g). Figure 2h shows that nano-sized ICG-liposomes had a higher transition temperature 

range compared to that of micron-sized ICG-liposomes.

Because the high temperature (50 °C) applied on ICG-liposomes during the extrusion 

process might accelerate the degradation of ICG dye and cause a shift of emission spectrum, 

it is necessary to characterize the spectrum of ICG-liposomes.33 Figures 3b and c show 

the excitation and emission spectra of ICG-liposomes, respectively. Apparently, the size of 

ICG-liposomes does not affect the spectra. As shown in Figure S3, the temperature has no 

effect on the emission spectrum of ICG-liposomes. In addition, compared to the spectra of 

fresh ICG aqueous solution (Figure 3a), we confirmed that the degradation of ICG dye was 

negligible, and a slight red shifting can be noted for the emission peak of ICG-liposomes 

from 809 nm to 831 nm.

Figure 4 summarizes the effect of ionic strength and pH on the fluorescence profile of 

different-sized ICG-liposomes. As shown in Figure 4a, b, c, and d, the shape of the 

fluorescence intensity profile remains unchanged as the concentration of KCl solution 

increased from 0 mM to 200 mM. It indicates that ICG-liposomes were stable in solution 

with different ionic strengths. In addition, it is well-known that the pH level varies in 

different human body fluids and tissues.34 Thus, it is essential to study the stability of 

ICG-liposomes in solution with different pH values. Figure 4e, f, g, and h demonstrate that 

ICG-liposomes were stable within a pH range from 5.2 to 9.2.

The ex vivo USF imaging with a tube model is shown in Figure 5. Both the fluorescence 

profile and USF imaging of ICG-liposomes mixed with either blood serum or DI water were 

investigated. The fluorescence profile shows that after mixing with blood serum, the LCST 

slightly shifted to the left at around 37 °C, and the absolute fluorescence intensity difference 

between switch on/off increased. Furthermore, we can clearly identify the location and shape 

of the silicone tube with USF imaging of ICG-liposomes mixed with either water or blood 

serum. After mixing the LNPs with blood serum, the fluorescence intensity of USF imaging 

increased as the size of ICG-liposomes decreased.

According to the cuvette results reported in Figure 2 and the USF imaging results presented 

in Figure 5, the size of ICG-liposomes affected the USF imaging signal strength relating 

to the depth limit of USF imaging. Thus, a USF imaging depth study was conducted 

to compare USF imaging signal strength at both 1.0 cm and 2.5 cm for different-sized 

ICG-liposomes. Figure 6a and b exhibit images of silicone tube embedded phantoms with 

1.0 cm and 2.5 cm thick chicken breast tissues stacked on top, respectively. Figure 6c 

shows that 30 nm filtered ICG-liposomes had the highest USF signal strength at a depth of 

1.0 cm, and unfiltered or micron-sized ICG-liposomes had the lowest USF signal strength. 

After increasing the tissue thickness from 1.0 cm to 2.5 cm, we barely detected the USF 

signal from the unfiltered ICG-liposomes but still recognized USF signals from nano-sized 

ICG-liposomes. Again, 30 nm filtered ICG-liposomes had the strongest USF signal strength 

at 2.5 cm.
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As presented in Figure 7a, large-sized ICG-liposomes (100 nm and 200 nm filtered) had a 

higher encapsulation efficiency of more than 80 %, and small-sized ICG-liposomes (30 nm 

and 50 nm filtered) possessed an encapsulation efficiency of 60 %. For ultrasound-triggered 

releasing tests, four FUS power conditions were examined. Condition P1 mimicked the 

FUS power used during USF imaging. According to Figure 7b, 7.38 ± 1.85 % release was 

observed for 50 nm filtered ICG-liposomes in condition P1, and the ICG release for 200 

nm filtered ICG-liposomes was only 0.89 ± 1.13 %. After increasing FUS powers, we can 

clearly see the ICG release increased to 13.47 ± 2.36 % (condition P2) and 24.56 ± 5.92 % 

(condition P3) for 50 nm filtered ICG-liposomes. Also, the ICG-release increased to 4.53 ± 

2.69 % (condition P2) and 5.09 ± 1.07 % (condition P3) for 200 nm filtered ICG-liposomes. 

The results state that by increasing the FUS power, we can achieve higher ICG release. 

Furthermore, instead of increasing the power of FUS, extending the exposure time to five 

times more and keeping the FUS power the same as condition P3 can also increase the ICG 

release dramatically (condition P4). The ICG release reached 48.01 ± 11.76 % and 9.17 

± 3.85 % for 30 nm and 200 nm filtered ICG-liposomes, respectively. In general, 50 nm 

filtered ICG-liposomes had a higher ultrasound-triggered release in comparison with that of 

the 200 nm filtered ICG-liposomes.

4. Discussion

The contrast agents for USF imaging have constraints for both dyes and vesicles. First, 

the dye should be polarity sensitive while having a high quantum yield in a low polarity 

environment and low quantum yield in a high polarity condition.9 Next, the vesicle used 

to encapsulate the dye needs to be thermal sensitive so that the vesicle shrinks when 

the temperature increases to create a relatively low polarity environment to increase the 

fluorescence intensity of the dye 17,35,36. In addition, because the vesicle is flexible enough 

to change size with respect to a change of temperature, the vesicle should also be stable 

so that increasing temperature and exposing them to ultrasound mechanical force and 

the physiological environment will not break it. Note that unilamellar and nano-sized 

liposomes have abundant features including feasibility to cross biological barriers such 

as the blood-brain barrier37 and excellent enhanced permeability and retention effect for 

passive accumulation in tumor cells compared to that of multilamellar and micron-sized 

liposomes.38 In addition, liposomes, within 20–200 nm, exhibit better cellular targeting 

efficiency, and nano-sized liposomes are also favored for vaccine application because only 

liposomes in the nanometer range can reach lymph nodes and directly contact with B cells.39 

These properties of nano-sized liposomes provide potential applications such as targeted 

USF imaging. Therefore, nano-sized liposomes were synthesized and the eligibility for 

USF imaging was assessed. Despite unilamellar and nano-sized liposomes having extensive 

advantages compared with multilamellar and micron-sized liposomes, the unilamellar and 

nano-sized liposomes are considered more vulnerable due to their single bi-layer structure. 

The polyethylene glycol chain can be decorated on the surface of liposomes to improve 

stability by preventing self-aggregation and prolonging circulation time.40,41

The nano-sized ICG-liposomes had a higher absolute fluorescence intensity change between 

switch on/off compared to that of micron-sized ICG-liposomes. This indicates that nano-

sized ICG-liposomes tend to have a stronger USF signal strength and are therefore suitable 
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for deeper USF imaging, which was confirmed by the depth study. Although micron-sized 

ICG-liposomes were eligible for USF imaging at 1 cm deep with reasonable signal strength, 

nano-sized ICG-liposomes had greater USF signal strength and can be used for USF 

imaging at 2.5 cm deep. Additionally, nano-sized liposomes had LCSTs around 38.8 °C, 

which was closer to the body temperature than the LCST (40.4 °C) of micron-sized 

liposomes. This is beneficial for potential in vivo USF imaging because less ultrasound 

energy was needed to switch on the contrast agent, and therefore it is safer to implement. 

The fluorescence emission intensity from nano-sized liposomes was found to be stronger 

than that of micron-sized liposomes. This feature could be useful when fluorescence 

imaging is needed at first to roughly localize the region of interest. It is worth it to note that 

after decreasing the size of ICG-liposomes, the temperature transition bandwidth increased 

from 1.4 °C to around 2.5 °C. This means higher thermal energy is needed to fully switch on 

the ICG-liposomes. Furthermore, the emission peak of ICG-liposomes shifted from 809 nm 

to 831 nm, which is desired because the tissue absorption and autofluorescence interference 

are minimized.

The ability to monitor the accumulation and releasing status of liposomes in the centimeter-

deep tissue is valuable. The combination of USF imaging with ultrasound-controlled release 

offered an opportunity to achieve this goal. ICG-liposomes were proved to be stable enough 

and eligible for USF imaging in the tube model after mixing with blood serum using a FUS 

power of 0.19 W (MI 0.97). This FUS power caused only 7.38 % and 0.89 % release of 

ICG for 200 and 50 nm ICG-liposomes, respectively. By either increasing the FUS power or 

exposure time, the higher release quantity can be attained. Thus, implementing USF imaging 

to monitor the accumulation of ICG-liposomes and initiating release by increasing FUS 

intensity and exposure time is feasible. In addition, the size effect on the release percentage 

and loading efficiency was observed. A trade-off was expected because large-sized ICG-

liposomes (200 nm filtered) had a higher encapsulation efficiency, but a lower release 

percentage. Thus, large-sized ICG-liposomes were more suitable for application of slow 

release with high encapsulating quantity, and small-sized ICG-liposomes were applicable for 

quick and sudden release in low quantity.

The results of this study confirmed that nano-sized ICG-liposomes has a strong USF 

signal, can image in 2.5 cm deep tissue, has an LCST close to body temperature, and 

has a red-shifted emission spectrum. The integration of USF imaging and ultrasound-

controlled release opens possibilities for applications such as monitoring the accumulation 

of liposomes in centimeters-deep tissue and releasing encapsulated drugs with the help of 

ultrasound when desired. One of the limitations is that the shelf life was reduced compared 

to micron-sized ICG-liposomes. Sugars, such as sucrose and isomaltose, could be added 

in the nano-sized ICG-liposome solution for a possible longer shelf life.42 This study also 

led to great potentials for future research, such as in vivo folate-targeted USF imaging and 

ultrasound-controlled drug release for tumor imaging and treatment.

5. Conclusion

The thermosensitive and PEGylated liposomes encapsulated with ICG were first 

implemented for USF imaging, and various sizes of ICG-liposomes were characterized. 
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Compared to micron-sized ICG-liposomes, nano-sized ICG-liposomes had an LCST shifted 

to 38 °C, which is beneficial for in vivo applications. The fluorescence intensity profile 

indicates that small ICG-liposomes have a stronger fluorescence emission and therefore a 

higher absolute value of fluorescence intensity change. These features allow ICG-liposomes 

to reach centimeters-deep tissue USF imaging. ICG-liposomes also showed an outstanding 

stability in solution with various ionic strengths and pH values, and USF imaging was 

successfully conducted after mixing with blood serum. In addition, a depth study showed 

that nano-sized ICG-liposomes can conduct USF imaging in deeper tissue compared to that 

of micron-sized ICG-liposomes. Moreover, the feasibility of combining USF imaging with 

ultrasound-controlled release was verified in this study. Although negligible release was 

noticed during USF imaging with a FUS power of 0.19 W (MI: 0.97), increasing FUS power 

and exposure time could lead to an obvious increase of the release. Above all, this study 

led to the future potential of high-resolution USF imaging guided and ultrasound-controlled 

drug release in centimeters-deep tissue using the ICG-liposomes.
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Figure 1. 
The schematic diagram of synthesizing PEGylated and ICG-encapsulated liposomes.
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Figure 2. 
The fluorescence intensity profile of ICG-liposomes synthesized using different sized filters 

(30, 50, 100, and 200 nm) and unfiltered ICG-liposomes: a) the profile of the emitted 

fluorescence intensity change corresponding to the change of temperature; b) normalized 

fluorescence intensity changes with respect to the change in temperature; c) the relationship 

between the hydrodynamic size of ICG-liposomes and filter size used during extrusion; d) 

the background fluorescence intensity of different sized ICG-liposomes; e) the size effect 

on LCST of ICG-liposomes; f) the correlation between the on-to-off ratio and the size of 

ICG-liposomes; g) the size effect on the absolute fluorescence intensity difference between 

switched on and off; and h) the size effect on the transition temperature range. “None” 

represents not filtered ICG-liposomes.
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Figure 3. 
a) Excitation and emission spectra of fresh ICG aqueous solution, b) excitation spectrum, 

and c) emission spectrum for various sized ICG-liposomes.
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Figure 4. 
The effect of ionic strengths (KCl) on the stability of a) 30 nm, b) 50 nm, c) 100 nm, and d) 

200 nm filtered ICG-liposomes. The effects of different pH values on the stability of e) 30 

nm, f) 50 nm, g) 100nm, and h) 200 nm filtered ICG-liposomes.
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Figure 5. 
Fluorescence intensity profile measured with the in-house built cuvette system and USF 

imaging of different sized ICG-liposomes mixed with either water or blood serum.
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Figure 6. 
USF imaging of various-sized ICG-liposomes at different depths. The silicone tube-

embedded silicone phantoms with a thickness of a 0.8 cm were stacked with a) 1.0 cm 

or b) 2.5 cm thick chicken breast tissue. The USF imaging of unfiltered ICG-liposomes and 

ICG-liposomes, which were filtered with 30, 50, 100, and 200 nm filter discs at c) 1.0 cm 

and d) 2.5 cm.
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Figure 7. 
a) Encapsulation efficiency of various-sized ICG-liposomes; b) ultrasound-triggered ICG 

release for 50 nm and 200 nm filtered ICG-liposomes. FUS power conditions used during 

the releasing test included P1: 0.19 W (MI 0.97), P2: 1.74 W (2.90), P3: 4.82 W (MI 4.83), 

and P4: 4.82 W (MI 4.83; repeated five times). The number of replicates was n = 3.
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