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Abstract
Medical diagnosis heavily relies on the use of bio-imaging techniques. One such technique is the use of ICG-based biological 
sensors for fluorescence imaging. In this study, we aimed to improve the fluorescence signals of ICG-based biological sensors 
by incorporating liposome-modified ICG. The results from dynamic light scattering and transmission electron microscopy 
showed that MLM-ICG was successfully fabricated with a liposome diameter of 100–300 nm. Fluorescence spectroscopy 
showed that MLM-ICG had the best properties among the three samples (Blank ICG, LM-ICG, and MLM-ICG), as samples 
immersed in MLM-ICG solution achieved the highest fluorescence intensity. The NIR camera imaging also showed a simi-
lar result. For the rat model, the best period for fluorescence tests was between 10 min and 4 h, where most organs reached 
their maximum fluorescence intensity except for the liver, which continued to rise. After 24 h, ICG was excreted from the 
rat’s body. The study also analyzed the spectra properties of different rat organs, including peak intensity, peak wavelength, 
and FWHM. In conclusion, the use of liposome-modified ICG provides a safe and optimized optical agent, which is more 
stable and efficient than non-modified ICG. Incorporating liposome-modified ICG in fluorescence spectroscopy could be an 
effective way to develop novel biosensors for disease diagnosis.

Keywords  Indocyanine Green · Liposome-modified ICG · Near-infrared imaging · Fluorescence spectrum

Introduction

Biomedical data including images and spectra play a sig-
nificant role in diagnosing diseases [1–4]. Among various 
biomedical imaging techniques, fluorescence imaging stands 
out as one of the most popular methods. This technique nor-
mally uses a dye that can generate fluorescence to achieve 
the image contrast between the target and control. When the 
excitation light shines on the dyed specimen, fluorescent 

signals will be emitted and can be captured by optical sen-
sors, such as a camera and spectrometer. Moreover, one-
dimensional spectra, such as fluorescence and Raman spec-
tra, have also demonstrated their applicability for numerous 
biomedical applications [5–8].

Indocyanine green (ICG) is a widely used fluorescent 
agent due to its excellent fluorescence property and rapid 
absorption and excretion mechanisms, making it applicable 
for both in vivo and ex vivo medical fields. ICG-assisted 
diagnosis has become a standard practice in the in vivo 
imaging studies, such as neurovascular surgery [9]. In 
ex vivo imaging, most research is pilot studies exploring 
the possibility of using ICG-assisted disease diagnosis. ICG 
molecules bond to plasma proteins and lipoproteins, such as 
human serum albumin, show enhanced fluorescence abil-
ity [10]. ICG molecules circulate through the body and are 
removed by the liver to the bile juice [11, 12]. However, 
ICG may fail to identify the differences between normal and 
malignancy in some cases because of its unsteady and easily 
quenched properties [13, 14]. Moreover, the ICG molecules 
have difficulty penetrating the cell due to the cell membrane 
channel selection [15, 16].
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Cell membranes are composed of lipid bilayers with 
various gates that selectively allow specific ions or molecules 
to enter or exit the cell. However, there is no specific channel 
for ICG molecules. Liposomes, which have a structure 
similar to lipid bilayers, can aid in the penetration of cell 
membranes when combined with other molecules. Specific 
ligands can be added to the liposome to increase uptake 
and selectivity for particular targets [17]. Additionally, 
liposomes have been used as drug carriers for the treatment 
of viral or infectious diseases [18]. Moreover, liposome-
encapsulated ICG was fabricated for sentinel lymph node 
imaging with the traditional hydration and extrusion method 
[19]. 5-aminolevulinic acid liposomal formulated ICG has 
been investigated for the analysis of brain tumor margins 
using NIR light [20].

NIR light, which includes NIR-I (700–950 nm) and 
NIR-II (950–2000 nm), has enhanced penetrative ability, 
allowing photons to penetrate deep into tissues. The 
excitation and emission wavelength peaks of ICG are 
around 789 nm and 814 nm, respectively. ICG-assisted 
NIR imaging systems have tremendous potential for novel, 
cost-effective, and non-invasive disease diagnosis [21, 22]. 
Additionally, NIR imaging decreases light scattering on the 
tissue surface, which reduces auto-fluorescence [23, 24]. 
The penetration depth of NIR light is approximately 10 mm, 
providing significant advantages in detecting soft tissues 
[25, 26]. Apart from imaging, the fluorescence spectrum 
can also demonstrate various sample properties through the 
peak intensity and shift. The fluorescence spectrum peak 
represents the intensity of the optical agents and is a rapid 
and efficient way to identify target and control. Moreover, 
the full-width half maximum (FWHM) is also an important 
feature of the spectrum.

This study investigated the optimal imaging window 
(duration from injection to imaging) by intravenously inject-
ing the ICG solution into a rat model and collecting fluores-
cence spectra of different organs. Furthermore, liposome-
modified ICG (LM-ICG) and mannose liposome–modified 
ICG (MLM-ICG) were developed and applied to pork tis-
sues. The results showed that the modified ICG served as an 

excellent imaging agent in animal models, demonstrating 
potential applications for human disease diagnoses.

Materials and methods

Materials

The ICG, l-a-phosphatidylcholine (Egg-PC), and l-a-
phosphatidylethanolamine (Egg-PE) were purchased from 
Sigma-Aldrich (St. Louis, MO), while cholesterol, d-(+)-
mannose, chloroform, and methanol were purchased from 
Alfa Aesar (Haverhill, MA). The pork fat and pork muscle 
were obtained from Albertson’s market (Baton Rouge, LA). 
The mini extruder used in the study was from Avanti Polar 
Lipids (Alabaster, AL). The dynamic light scattering anal-
ysis was conducted using MicroTrac S3500 and ZetaTrac 
instruments at the Composite Engineering Laboratory, 
School of Renewable Natural Resources, LSU. The trans-
mission electron microscopy was performed using JEM-
1400 TEM (120v, JEOL, Peabody, MA).

Figure 1 illustrates the imaging system used in this study, 
which is similar to the setup used in previous studies [21, 22, 
27]. The system consists of a bifurcated optical fiber that is 
connected to a 785-nm laser source and a spectrometer. The 
laser light is directed at the samples through the output of the 
fiber. The spectrometer and NIR-I camera are also connected 
to the fiber and are equipped with an 800-nm long-pass fil-
ter. The camera is positioned vertically above the sample to 
capture fluorescent signals, and both the spectrometer and 
camera are connected to a computer for data collection.

Pork muscle and fat samples were cut into 1.0 × 1.0 × 0.3 
cm3 pieces and immersed in ICG solution for 10 min before 
imaging. The camera was placed approximately 25 cm away 
from the samples, and the fluorescent signals were collected 
and averaged over five measurements at each spot. The spec-
tra were then smoothed using a seven-span filter in MAT-
LAB R2019a (MathWorks Inc.). The fluorescent images of 
the pork and fat samples were extracted and cropped from 
the NIR videos without any further processing.

Fig. 1   Schematic diagram of 
NIR imaging system
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Syntheses of modified ICG with liposomes

The liposome-modified ICG (LM-ICG) was synthesized 
using the following procedure: Egg-PC, cholesterol, and 
Egg-PE (molar ratio = 7:2:1) were dissolved in a mixture 
of chloroform and methanol (volume ratio = 7:3). The 
resulting solution was evaporated at room temperature 
overnight, forming a thin transparent film. Next, 10 mL of 
ICG solution (20 μmol) was added to the film and allowed 
to hydrate for 10 min. The solution was then frozen using 
liquid nitrogen and thawed six times before being extruded 
ten times through a mini extruder loaded with a 100-nm 
polycarbonate film. The resulting liposome mixture was 
purified using column chromatography with a PD Midi-
Trap G-25 column. Mannose liposome-modified ICG 
(MLM-ICG) was prepared using the same procedure as 
LM-ICG, with the exception of the hydrated solution and 
chromatographic eluent, which were both supplemented 
with 5% (w/v) mannose.

Animals

A total of 18 animals were included in this study, consisting 
of four nude mice and 14 self-breed Sprague Dawley rats. 
Three of the nude mice were intravenously injected with an 
ICG solution with a concentration of 0.22 mg/kg, while the 
fourth mouse served as the control and did not receive an ICG 
injection. The rat model included 13 postnatal rats that were 
injected with 5 mg/kg ICG solution via the tail vein at different 
imaging windows (10 min, 4 h, and 24 h), with one rat serving 
as the control. All animals were sacrificed for the study, and 
their specimens were resected and imaged ex vivo.

All animal experiments were conducted in accordance 
with ethical guidelines and were authorized by the Institu-
tional Animal Care and Use Committee (IACUC) of Loui-
siana State University (Protocol# 16-117, 17-033, 20-046). 
The care and use of animals followed strict ethical guide-
lines, ensuring their welfare throughout the study.

Image contrast

As previously defined, image contrast aims to quantitatively 
illustrate the optical difference between the target and back-
ground regions [28–31]. To calculate image contrast, a line 
is drawn on both the target and background regions, and the 
pixel values of the line are extracted. The following equation 
is then used to calculate image contrast:

n is the pixel number of the line, g_valt is the target pixel 
value, and g_valb is the background pixel value.

Image contrast = avg
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Results

Morphology and fluorescent property 
of the modified ICG

The size distribution of MLM-ICG liposomes was analyzed 
using dynamic light scattering (DLS), and the results are 
presented in Fig. 2a. The DLS machine was thoroughly 
cleaned before the modified ICG was slowly added to the 
container. After approximately 5 min, the monitor curve 
and analysis chart were generated. The percentage distribu-
tions of the liposomes were determined, with 34.9% of the 
liposomes measuring 102 nm, 39.88% measuring 122 nm, 
and 20.39% measuring 145 nm. The majority of liposome 
diameters fell between 100 and 200 nm, which was consist-
ent with the pore size of the polycarbonate filter (100 nm). 
The size distributions of LM-ICG liposomes are included in 
the supplement file (Fig. S1) and indicate larger sizes (over 
200 nm) than those of MLM-ICG liposomes.

Figure 2b and c depicted the structure and morphology of 
the modified ICG. The modified ICG was prepared following 
the traditional vesicle preparation process before TEM imag-
ing. Specifically, a drop of the modified ICG was placed on 
a copper grid, added with uranyl acetate solution (2%), and 
the staining solution was removed [32]. The TEM images 
of both LM-ICG (supplement file, Fig. S2) and MLM-ICG 
(Fig. 2b) revealed the presence of liposomes, with the lat-
ter showing more liposomes. The size of the MLM-ICG 
liposomes ranged from 100 to 200 nm (Fig. 2c), with an 
insert image showing a typical liposome diameter of 89.4 
nm. In contrast, the diameter of LM-ICG was several hun-
dred nanometers.

Figure 3a showed the fluorescence intensity of the modi-
fied ICG solutions, including blank ICG, LM-ICG, and 
MLM-ICG. The liposome-modified ICG solutions main-
tained their excellent fluorescent ability, with MLM-ICG 
showing a higher intensity compared to LM-ICG. Although 
the concentration of the modified ICG could not be accu-
rately detected after extrusion and column chromatography, 
the original ICG solution was diluted 10 times to obtain 
a similar fluorescence intensity as the modified ICG solu-
tions (purple line in Fig. 3a). A diluted ICG solution with 
4% (w/v) bull serum albumin (BSA) was also prepared for 
comparison because BSA could improve the fluorescence 
property of ICG solutions for animal experiments. Figure 3b 
illustrated the peak wavelength of the diluted ICG solution 
changed from 807 to 815 nm after adding BSA (error bar 
from 5 spectra). The full width at half maximum (FWHM) 
of the diluted ICG solution and ICG with BSA solution were 
37.71 nm and 45.98 nm, respectively.

Pork muscle and fat samples were treated with blank 
ICG solution, LM-ICG solution, and MLM-ICG solution 
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Fig. 2   Morphology of MLM-
ICG: diameter distributions 
through DLS analysis (a); TEM 
images: 1 μm (b); and 200 nm (c)

Fig. 3   The spectrum of modi-
fied ICG: fluorescence com-
parison of blank ICG, LM-ICG, 
MLM-ICG, ICG solution, and 
ICG solution with BSA (a) and 
peak wavelength (b); fluo-
rescence comparison of pork 
muscle (c) and fat (d) immersed 
with blank ICG, LM-ICG, and 
MLM-ICG solution
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for 10 min before imaging. The fluorescence intensity of 
the muscle and fat samples treated with blank ICG solution 
was the weakest, while MLM-ICG performed better than 
LM-ICG (Fig. 3c, d). One possible reason for MLM-ICG’s 
better fluorescence ability is that the smaller size of the 
liposomes in the mannose-modified ICG solution could 
penetrate the tissues more easily. Moreover, fat tissue has a 
higher lipid content compared to muscle tissue, indicating 
that ICG and liposome-modified ICG are more likely to be 
absorbed by fat tissue.

To further investigate the properties of the modified ICG 
solutions, we applied NIR-I imaging to pork fat and muscle 
after immersion in the ICG solutions. As expected, tissues 
treated with the blank ICG solution showed almost no fluo-
rescence signal (Fig. 4a, b). However, both LM-ICG and 
MLM-ICG solutions exhibited excellent fluorescence, with 
MLM-ICG displaying brighter fluorescence than LM-ICG. 
Furthermore, fat tissue exhibited stronger fluorescence sig-
nals than muscle tissue, consistent with the spectra shown in 
Fig. 3. The image contrast analysis further confirmed these 
results (Fig. 4g).

Spectrum analysis of ICG with the animal model

We investigated the fluorescence properties of ICG-assisted 
imaging under various experimental conditions, including 
peak intensity, peak wavelength, and FWHM. As shown in 
Fig. 5a, we found that the fluorescent intensity of fat was 
greater than that of muscle in the mice model, which was 
consistent with the results obtained from the pork muscle 
and fat experiments. In the rat model, we identified the opti-
mal imaging windows for observing the ICG-assisted optical 
properties of various organs, including the lung, heart, liver, 
stomach, and kidney, over 10 min, 4 h, and 24 h (Fig. 5b–d). 
Our results revealed that the spectrum of 10 min exhibited 
a strong intensity, indicating that the ICG solution could 

be rapidly distributed throughout the organs. However, the 
fluorescence of each organ began to decrease, except for the 
liver, at 4 h (Fig. 5c). Notably, the liver showed extremely 
high fluorescent intensity due to the transmission of ICG 
from other organs and subsequent excretion from the liver. 
After 24 h, the fluorescence greatly decreased, indicating 
that most of the ICG was excreted from the body (Fig. 5d).

Figure S3 presented the fluorescence spectrum proper-
ties of the organs at 10 min, 4 h, and 24 h. The peak wave-
length of 10 min was consistently around 822 nm (Fig. S3d), 
whereas it decreased at 4 and 24 h (Fig. S3e–f), particularly 
for the lung and stomach. Additionally, Fig. S3g–i illustrates 
the FWHM of each organ at different imaging windows. The 
FWHM of the lung, heart, and kidney were more consistent 
than that of the liver and stomach in terms of intensity.

Discussions

In our previous work, we studied ICG-assisted dental imag-
ing using a rat model and a human-extracted teeth model, 
and achieved improvements such as identifying cracks and 
caries that were difficult to detect using X-ray imaging [33]. 
However, one limitation we noted in our previous report [28] 
was that ICG was unable to illustrate un-erupted molars due 
to its unstable and easily agglomerated nature, which lim-
ited its application in deeper biomedical imaging. Liposome-
modified ICG can address this limitation by separating ICG 
molecules. Moreover, the use of biocompatible liposomes 
and FDA-approved ICG generate a risk-free combination 
for biomedical imaging.

The liposome sizes of LM-ICG and MLM-ICG 
particles were measured using the DLS test and TEM 
images. While DLS provides an estimate of size, TEM 
allows for more accurate size distribution measurements 

Fig. 4   ICG-assisted NIR I images of pork muscle and fat immersed with blank ICG (a, b), LM-ICG (c, d), and MLM-ICG solution (e, f) with 
image contrast (g)
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as the particle diameter can be directly measured from 
the images. The TEM images showed that MLM-ICG 
had a more distinguishable and smaller size compared to 
LM-ICG, indicating that adding mannose during liposome 
fabrication improves the liposomes’ morphology. Although 
some liposomes had diameters larger than the nano-scale 
due to the 100 nm polycarbonate filter used, the modified 
ICG still demonstrated excellent fluorescence ability. The 
low concentration of ICG solution (20 μmol) did not hinder 
the successful combination of massive ICG molecules with 
liposomes. In contrast, unmodified ICG molecules tended 
to aggregate and form large particles, which deposited on 
the filter support and polycarbonate membrane or were 
wasted on the column of chromatography. The modified 
ICG molecules were small and separated, resulting in 
strong fluorescent intensity. Compared to the original ICG 
solution, the peak wavelengths of modified ICG and ICG 
with BSA increased by ~24 nm and 6 nm, respectively, and 
FWHMs increased by 5.92 nm and 6.79 nm. The optical 
properties of ICG were altered by combining it with BSA 
or modifying it with liposomes, as evidenced by changes in 
spectral features such as peak shifts and FWHMs.

To study the fluorescent ability of modified ICG 
solutions in tissue, both pork fat and muscle were immersed 
in the solutions and imaged using NIR imaging and spectra. 
The LM-ICG and MLM-ICG solutions exhibited excellent 
fluorescent ability in the tissues compared to the blank 
ICG solution. However, due to the complex fabrication 
procedures involved in preparing the liposome-modified 

ICG solution, it was difficult to directly compare it to the 
normal ICG solution. Additionally, the results showed that 
ICG was more easily absorbed by fat than muscle in both 
pork tissue and mouse models. This could be attributed to 
the fact that fat contains more lipids than muscle.

In addition to its potential use in dental imaging, indocyanine 
green (ICG) has shown promise in the diagnosis of other 
diseases, such as cancer. However, achieving the optimal 
fluorescent effect in human clinical studies requires careful 
consideration of factors such as the imaging window and 
injection dosage. Animal studies can provide valuable insights 
into the optimal imaging conditions for different organs in 
humans. To this end, we used a rat model to monitor the ICG 
imaging windows and spectrum, and identified the period 
between 10 min and 4 h post-injection as the time frame with 
strong fluorescent intensities in rat organs. We also observed 
that most of the ICG was excreted after 24 h. These findings 
have important implications for future human studies involving 
ICG imaging.

Conclusions

This study investigated the potential of liposome-modified 
indocyanine green (LM-ICG) as a bio-imaging dye. Both 
LM-ICG and mannose-modified ICG (MLM-ICG) showed 
excellent fluorescent ability in pork tissues compared to the 
blank ICG solution. The liposome-modified ICG solution 
demonstrated similar effects to the ICG solution mixed 

Fig. 5   ICG assisted fluorescence spectrum of mice muscle and fat without ICG vs. with ICG (a); rat organs (lung, heart, liver, stomach, and kid-
ney) of different imaging windows (b–d)
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with BSA. The liposomes helped LM-ICG combine with 
or penetrate the cell membrane, potentially making it an 
optimized bio-imaging dye due to its enhanced fluorescent 
ability and improved signals. Additionally, the imaging 
windows and injection dosage of ICG were explored in a 
rat model. Results indicated that the best imaging windows 
for rat organs were between 10 min and 4 h, and most of 
the ICG was excreted after 24 h. The peak intensity, peak 
wavelength, and FWHM of the fluorescence spectrum 
were also identified as important features for spectra 
analysis. Overall, this work has demonstrated the potential 
of LM-ICG for various biomedical imaging applications, 
including dental disorders and cancer diagnosis.
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