
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 7
/2

3/
20

25
 8

:4
2:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Albumin-based n
Jilin Provincial Key Laboratory of Lymphatic

of Lymphatic Surgery Jilin Province, China-

Changchun, Jilin, 130031, P. R. China. E-m

† Electronic supplementary informa
https://doi.org/10.1039/d2ra07414a

Cite this: RSC Adv., 2023, 13, 2248

Received 22nd November 2022
Accepted 27th December 2022

DOI: 10.1039/d2ra07414a

rsc.li/rsc-advances

2248 | RSC Adv., 2023, 13, 2248–225
anoparticle for dual-modality
imaging of the lymphatic system†

Mingze Li, Yundong Zhang, Jinli Ma and Jianshi Du *

The lymphatic system is a complex network of lymphatic vessels, lymph nodes, and lymphoid organs. The

current understanding of the basic mechanism and framework of the lymphatic system is relatively limited

and not ideal for exploring the function of the lymphatic system, diagnosing lymphatic system diseases, and

controlling tumor metastasis. Imaging modalities for evaluating lymphatic system diseases mainly include

lymphatic angiography, reactive dye lymphatic angiography, radionuclide lymphatic angiography,

computed tomography, and ultrasonography. However, these are insufficient for clinical diagnosis. Some

novel imaging methods, such as magnetic resonance imaging, positron emission computed tomography,

single-photon emission computed tomography, contrast-enhanced ultrasonography, and near-infrared

imaging with agents such as cyanine dyes, can reveal lymphatic system information more accurately and

in detail. We fabricated an albumin-based fluorescent probe for dual-modality imaging of the lymphatic

system. A near-infrared cyanine dye, IR-780, was absorbed into bovine serum albumin (BSA), which was

covalently linked to a molecule of diethylenetriaminepentaacetic acid to chelate gadolinium Gd3+. The

fabricated IR-780@BSA@Gd3+ nanocomposite demonstrates strong fluorescence and high near-infrared

absorption and can be used as a T1 contrast agent for magnetic resonance imaging. In vivo dual-

modality fluorescence and magnetic resonance imaging showed that IR-780@BSA@Gd3+ rapidly

returned to the heart through the lymphatic circulation after it was injected into the toe webs of mice,

facilitating good lymphatic imaging. The successful fabrication of the new IR-780@BSA@Gd3+

nanocomposite will facilitate the study of the mechanism and morphological structure of the lymphatic

system.
1. Introduction

The lymphatic system is a complex network system composed of
lymphatic vessels, lymph nodes, and lymphoid organs.1–4

Diseases that cause abnormalities of the lymphatic system are
mainly categorized into primary and secondary. Primary
diseases include hereditary diseases, lymphoid hypoplasia,
lymphoid hypoplasia, and lymphoid hyperplasia.5,6 Secondary
diseases include infectious diseases, traumatic diseases, and
malignant tumors.7–10 Abnormalities of the lymphatic system
oen lead to the obstruction of tissue uid return, which leads
to tissue edema and reduces the quality of life of patients.
Therefore, early detection of lymphatic lesions is particularly
important. The methods of visualization of the lymphatic
system in vivo mainly include direct and indirect injections.
Methods that involve direct injections include lymphangiog-
raphy. Methods that involve indirect injections, also known as
intra-tissue injections, mainly include sentinel lymph node
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(SLN) imaging, radionuclide lymphatic imaging, magnetic
resonance imaging (MRI), and near-infrared (NIR) imaging.11,12

For a long time, lymphography was mainly used to visualize the
lymphatic vessels of the lymphatic system. However, it is diffi-
cult to perform. It also requires long-term training and may
cause vascular infection and lymphedema. It is not used any
longer.13 There are three main options for improvement.
Improved tomographic imaging modalities, such as computed
tomography (CT) or MRI, are gradually replacing traditional
lymphangiography for evaluating lymphatic system lesions.
Their advantage is that they can allow clear visualization of the
tissue anatomy of the lymphatic system.14 However, it is difficult
for even senior radiologists to distinguish the difference
between the lesion and the surrounding tissue due to the
characteristics of CT and MRI and the anatomical characteris-
tics of the lymphatic system, and this may easily lead to
a missed diagnosis. Intraoperative sentinel lymph node tracing
is useful for the diagnosis and treatment of secondary
lymphatic system lesions and malignant tumors. However,
normal tissue staining can easily occur, resulting in blurring of
the surgical eld of vision and an increase in the difficulty of
surgery.15 Therefore, it has not been effectively promoted and is
mostly used in scientic research. With the development of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
functional imaging, more agents, such as 18 F-FDG, 11C-acetate
acid, and 11C-methionine, have been developed, and they
facilitate the accurate detection of tumor-involved lymph
nodes.16–18 However, tracer imaging does not meet clinical
requirements, its biological toxicity and metabolism have not
been established, and it cannot be used clinically. Therefore,
a safe and effective lymphatic tracing system is urgently needed.

NIR-II imaging involves the detection by an external uores-
cence detector of emitted NIR light with a wavelength between
1000 and 1700 nm excited by a uorescent substance to obtain
an image.19 Indocyanine green (ICG) uorescence imaging is
a new method for SLN imaging developed in recent years.20,21 As
an FDA-approved drug, the uorescence emitted by ICG can
penetrate deep tissues and be detected in vitro for accurate
localization of the body surface and improved accuracy of lesion
detection.22 Photons are hardly absorbed by the body tissue, and
the resulting background uorescence signal of tissues is typi-
cally very low, which prevents the problems of surface localiza-
tion defects of dyes or radionuclides, complicated procedures,
and radioactive contamination. ICG uorescence imaging is
a recently developed method of SLN imaging. Aer intradermal,
subcutaneous, or peritumoral injection of ICG, lymphatic
drainage can be rapid and tracked in real time. The half-life of
ICG is 2–4 minutes.23 It is mainly combined with serum albumin
and a-1 lipoprotein in the blood,24 and it is metabolized by the
liver. Approximately 90% of ICG is cleared from the blood system
within 20 minutes. In general, ICG has relatively few adverse
reactions and high detection efficiency and sensitivity and can be
used to detect lymphatic vessels and lymph nodes before, during,
or aer surgery without the side effects of ionizing radiation.
Several studies have shown that ICG-guided SLN biopsy has the
advantages of a high detection rate, low false negative rate, rapid
development, and image clarity.25–27 However, its penetrating
ability is limited, and deep lymph nodes usually affect the
concentration of local uorescent substances. Therefore, a dye
with strong penetration and uorescent signal can compensate
for the limitations of ICG. NIR uorescent dyes have strong
emission characteristics and limited autouorescence in
aqueous solvents.28–30 The most common NIR uorescent dyes
are polymethine cyanine dyes, including pentamethine cyanine
and heptamethine cyanine.31–33 Their extinction coefficients are
very high (up to 150 000–250 000 L (mol−1 cm−1)), and they can
be detected in deep tissues under the action of excitation light
but cannot be observed with the naked eye. IR-780 is a uores-
cent dye that has been studied more recently and will be the
focus of our research.34–36

Transverse tomography is non-invasive and facilitates rapid
examination. On MRI, normal lymph nodes are usually less
than 1 cm in size, with smooth and clear boundaries and
uniform internal signal and density, and are generally oval or
elongated. Given the detectable changes in lymph node size and
morphology, MRI is oen used for preoperative diagnosis.37–39

Several studies also use enhanced MRI scans to identify normal
and abnormal lymph nodes by the characteristics of lymphatic
vessels, such as ow characteristics, blood ow volume,
microvascular inltration, and changes in extracellular
volume.40,41 The application of lymph node contrast agents
© 2023 The Author(s). Published by the Royal Society of Chemistry
overcomes the insufficiency of tomographic imaging. Ultra-
small superparamagnetic iron oxide is a newer MRI enhancer
that is mainly used for lymph node MR angiography.42,43

However, only static anatomical features rather than dynamic
functional observations are used when assessing whether
lymph nodes are involved.

We comprehensively considered the respective characteris-
tics of NIR-II imaging and MRI and developed a novel albumin-
based complex for multimodal imaging. In our developed
complex, bovine serum albumin (BSA) is conjugated with
diethylenetriaminepentaacetic acid (DTPA), which chelates
Gd3+ ions and covalently binds to IR-780. The prepared IR-
780@BSA@Gd3+ complex demonstrates high uorescence at
an excitation of 600 nm and strong absorption at approximately
808 nm and can be used as a contrast agent for T1-weighted
MRI. Apart from facilitating lymphatic tracing, it has
a stronger uorescent signal and improves penetration to
facilitate clear visualization of the deep lymphatic system.
Meanwhile, NIR-II imaging can be used to dynamically observe
the lymph node of the lesion, and the complex has no ionizing
radiation, which protects the operator.

2. Experiment
2.1 Materials and reagents

IR-780 was purchased from Sigma-Aldrich. ICG (modied) for
human injection was purchased from Dandong Yichuang
Pharmaceutical Co. Ltd PBS(phosphate buffer saline) was
purchased from HyClone. Gd3+ was purchased from Aladdin.
BSA was purchased from Sigma-Aldrich. FBS was purchased
from Neuromics. Sucrose was purchased from Sigma-Aldrich.

2.2 Apparatus and measurements

The morphology and structure of IR-780@BSA@Gd3+ were
characterized by transmission electron microscopy using a FEI
Tecnai F20 transmission electron microscope aer staining
with phosphotungstic acid (1 wt%). Fluorescence spectra of
different samples were obtained on a FluoroMax 4 lumines-
cence spectrometer (HORIBA Jobin Yvon). UV-vis-NIR absor-
bance spectra were recorded by using a PerkinElmer Lambda
750 UV-vis-NIR spectrophotometer. The dynamic diameter of
HSA-Gd3+-IR825 was determined by a Zetasizer Nano-ZS (Mal-
vern Instruments, UK). The concentration of Gd35 in the HSA-
Gd-IR825 sample was measured using inductively coupled
plasma atomic emission spectroscopy. IR-780@BSA@Gd3+
solutions with different Gd35 concentrations ranging from
3.125–50 mM were scanned using a 3.0 T clinical MR scanner
(GE Healthcare, USA) at room temperature. Aer acquiring the
T1-weighted MR images, the signal intensity of each sample was
measured by drawing regions of interest. By plotting the r1 value
(1/T1) for each sample against the Gd concentration, the nal r1
value for IR-780@BSA@Gd3+ was determined by curve tting.

2.3 Preparation of IR-780@BSA@Gd3+

P-SCN-Bn-DTPA (2 mg) was dissolved in 200 mL of DMSO to
obtain solution A. BSA (20mg) was dissolved in ddH2O to obtain
RSC Adv., 2023, 13, 2248–2255 | 2249
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solution B with a concentration of 10 mg mL−1. A and B were
mixed according to P-SCN-Bn-DTPA : BAS = 10 : 1 to obtain
solution C. It was placed on an ika shaker at 400 rpm and
reacted at room temperature for 24 hours. Subsequently, excess
P-SCN-Bn-DTPA was removed with an ultraltration tube, and
2 ml of ddH2O was added to obtain a DTPA-BSA solution. The
antagonistic solution was PBS.

Gadolinium chloride (2.3 mg) was dissolved in 1000 mL
ddH2O to obtain solution D. Solution D was added dropwise to
the DTPA-BSA solution. This was placed on an ika shaker at
400 rpm and reacted at room temperature for 24 hours. At the
end of the reaction, excess gadolinium chloride was removed
with a 30k ultraltration tube to obtain a BSA@Gd3+ solution.

IR780 (13.34 mg) was dissolved in 1 ml of DMSO to obtain
a concentration is 20 mmol L−1 of solution F. Five microliters of
solution F was pipetted into solution BSA@Gd3+ and reacted at
50 °C on a shaker at 214 rpm for 2 h to obtain IR
780@BSA@Gd3+.
2.4 Characterization

Fluorescence spectra of different samples were obtained on
a FluoroMax 4 luminescence spectrometer (HORIBA Jobin
Yvon). UV-vis-NIR absorbance spectra were recorded by using
a PerkinElmer Lambda 750 UV-vis-NIR spectrophotometer.The
concentration of Gd35 in the HSA-Gd-IR825 sample was
measured using inductively coupled plasma atomic emission
spectroscopy. IR-780@BSA@Gd3+ solutions with different Gd35
concentrations ranging from 3.125 mM to 50 mM were scanned
using a 3.0 T clinical MR scanner (GE Healthcare, USA) at room
temperature. Aer acquiring the T1-weighted MR images, the
signal intensity of each sample was measured aer drawing
regions of interest. By plotting the r1 value (1/T1) for each
sample against the Gd concentration, the nal r1 value for IR-
780@BSA@Gd3+ was determined by curve tting.
Fig. 1 General states of different complexes. (a) Color performance of
different dyes and complexes at the same concentration under natural
light (from left to right: IR-780@BSA@Gd3+; IR-780@BSA; IR-780;
ICG@BSA; ICG). (b) Brightness performance of different dyes and
complexes at the same concentration in the near-infrared II region
(NIR-II) (from left to right: IR-780@BSA@Gd3+; IR-780@BSA; IR-780;
ICG@BSA; ICG). (c) Protein gel electrophoresis to observe the band
positions of different dyes and complexes. (d) NIR-II imaging of protein
gels to observe the band positions of different dyes and complexes. (e)
The fluorescence intensity decay curves of different substances over
time (red: IR-780@BSA@Gd3+; blue: IR-780@BSA; orange: IR-780;
green: ICG@BSA; purple: ICG).
3. Results and discussion
3.1 General characteristics of complexes containing IR-780

To observe the brightness of different dyes and complexes in
natural light and the NIR-II region, we synthesized three
complexes. A schematic diagram of the complex preparation
process is provided in Scheme 1. As shown in Fig. 1a, different
complexes and dyes exhibit different colors under natural light.
On examining the performance of different complexes and dyes
in the NIR-II region (Fig. 1b) under the conditions of 808 nm
laser irradiation and 3.0 ms exposure duration, IR-780@BSA
was the brightest and ICG@BSA was the darkest; free IR-780
and free ICG hardly develop. To further explore the interac-
tion between dyes and BSA, protein gel electrophoresis was used
to detect the bands of different dyes and complexes. We found
that IR-780@BSA with IR-780 chelated, BSA@ Gd3+ with
chelated Gd, and IR-780@BSA@ Gd3+ with IR-780 and Gd3+
chelated in the same band position as BSA (Fig. 1c), indicating
that IR-780 and Gd did not change the protein properties of
BSA. NIR-II imaging showed that the band positions of IR-
780@BSA and IR-780@BSA@Gd3+ (Fig. 1d) were consistent
2250 | RSC Adv., 2023, 13, 2248–2255
with those of BSA (Fig. 1c), indicating that IR-780 and Gd were
not free. Instead, it is chelated on BSA and exists stably in
a complex state. To further observe the durability of different
composites, we obtained the durability curve. As shown in
Fig. 1e, the dye complexes chelated with BSA demonstrated
stronger NIR-II uorescence than IR-780 and ICG in the free
state. Furthermore, the complexes chelated with BSA demon-
strated good uorescence stability over time. The intensity of
IR-780@BSA@Gd3+ gradually decreased aer 60 min; however,
the double-dominance compensated for the deciency. The
reason for the appearance of a similar normal distribution curve
is that the rare earth element Gd has seven positive charges on
the surface; its chelation with BSA does not affect its surface
charge and it maintains its usefulness for excellent NMR
(Nuclear magnetic resonance) imaging. Aer being irradiated
by an 808 nm laser, the seven positive charges on the surface of
Gd were activated, and the brightness gradually increased
during NIR-II development. At the same time, the surface
charge of Gd destroyed BSA, and it gradually decayed aer the
NIR-II brightness reached a peak. As shown in Fig. 1e, the small
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Evaluation of the usefulness of bimodal complexes for MRI and
NIR-II and the difference between different dyes and complexes for
NIR-II imaging. (a) NIR-II at different times under 808 nm light exci-
tation after the injection of different substances to the left and right
lower limb webs of mice (left: IR-780@BSA@Gd3+, right: free IR-780)
(b). NIR-II at different times under 808 nm light excitation after the
injection of different substances on the left and right lower limb webs
of mice (left: IR-780@BSA@Gd3+ right: IR-780@BSA). (c) NIR-II at
different times under light excitation of 808 nm after the injection of
IR-780@BSA@Gd3+ to the toe webs of the bilateral lower limbs of
mice (upper: dorsal view, lower: ventral view). (d) Quantitative line
graph for the brightness of Fig. 3a. (e) Quantitative line graph for the
brightness of Fig. 3b. (f) Quantitative line graph for the brightness of
Fig. 3c. (g) Sagittal image of T1 fat reduction after IR-780@BSA@G-
d3+injection to the bilateral toe webs of C57BL/6 male mice obtained
with MRI.
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ICG molecule and IR-780 cause uorescence quenching due to
the effect of the water solvent, resulting in a weak uorescence
for NIR-II. ICG@BSA and IR-780@BSA demonstrated strong
NIR-II uorescence emission, which indicates that the combi-
nation with BSA can prevent the uorescence extraction of ICG
and IR780.

3.2 MRI representation of complexes containing IR-780 and
Gd3+

To observe the development of bimodal complexes using MRI,
we prepared free Gd and IR-780@BSA@ Gd3+ of different
concentrations. As shown in Fig. 2a, the MR signal gradually
increased with the increase of the Gd concentration. In addi-
tion, the same MR images showed the same concentrations of
Gd and IR-780@BSA@Gd3+, suggesting that Gd can chelate to
BSA and exist stably and play the same developing role. Fig. 2b
suggests that the concentration and brightness slopes of IR-
780@BSA@Gd3+ are similar to that of free Gd, which proves
that IR-780@BSA@Gd3+ stably chelates Gd and is useful for MR
imaging.

3.3 Excellent visualization of IR-780@BSA@Gd under MRI
and NIR-II

To determine the complex in the lymphatic system in vivo, we
observed the expression of NIR-II in C57BL/6 mice aer injec-
tions of different complexes. Aer the injections of IR-
780@BSA@Gd3+ (le) and free IR-780 (right) in the toe webs of
both lower limbs of mice under the condition of 808 nm exci-
tation light, imaging of the lower limb lymphatic vessels of NIR-
II mice at different time points was performed. As shown in
Fig. 3a and d, both IR-780@BSA@Gd3+ and free IR-780 entered
and developed into lymphatic vessels. Compared with free IR-
780, IR-780@BSA@Gd3+ can be imaged using NIR, and the
imaging is better than that of free IR-780. This provides effective
support for the diagnosis of clinical lymphatic system diseases.
The usefulness of NIR-II aer the injections of IR-
780@BSA@Gd3+ and IR-780@BSA was determined in the same
way. As shown in Fig. 3b and e, IR-780@BSA@Gd3+ demon-
strated the same developing effect as IR-780@BSA over time.
This differs from the results of the in vitro in-tube experiments
(Fig. 1e) and fully illustrates the biostability of the complexes.
To further observe the systemic distribution of the complex
aer injection, IR-780@BSA@Gd3+ was injected into the toe
webs of mice. As shown in Fig. 3c and f, IR-780@BSA@Gd3+ was
mainly concentrated in the draining lymph nodes aer it was
Fig. 2 MR imaging of free Gd and IR-780@BSA@Gd3+. (a) MR imaging
of free Gd (upper column) and IR-780@BSA@Gd3+ (lower column) at
different concentrations. (b) Concentration (Gd)-signal intensity (T1)
curve.

© 2023 The Author(s). Published by the Royal Society of Chemistry
injected into the lymphatic system and distributed throughout
the body. Over time, the complex was still enriched in the lymph
node at the twelh hour, suggesting that IR-780@BSA@Gd3+
has good stability and can be enriched and it stably existed in
the lymphatic system. To further ascertain the lymphatic
tracing ability of IR-780@BSA@Gd3+, MR imaging was
observed aer the injection of the complex. As shown in Fig. 3g,
the lymphatic system can be visualized in mice by MRI (red
dotted line) aer the injection of IR-780@BSA@Gd3+ (lower)
compared with no injection of IR-780@BSA@Gd3+ (upper).
3.4 IR-780@BSA@Gd3+has the advantages of early imaging,
easy metabolism, and less accumulation in vivo

To evaluate the metabolic changes of different complexes and
dyes in mice, NIR-II imaging was performed with tail vein
injection. As shown in Fig. 4a, the development of mice at
RSC Adv., 2023, 13, 2248–2255 | 2251
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different time points (0.1 h, 0.5 h, 1 h, 2 h, 3 h, 4 h, 6 h, 12 h,
24 h, 48 h, 72 h, 96 h) was observed aer IR-780@BSA@Gd3+ IR-
780@BSA and free IR-780 were injected into the tail vein. Over
time, IR-780@BSA@Gd3+ had similar metabolic rates and
metabolic pathways as IR-780@BSA. The distribution peaked at
24 h aer administration. Conversely, free IR-780 was imaged
later and metabolized slower than IR-780@BSA. In conclusion,
IR-780@BSA@Gd3+ facilitates early imaging and easy metabo-
lism and is less accumulated in the body. IR780@BSA can show
a better uorescence within 0.1–24 hours and facilitate rapid
metabolism; however, uorescence can rarely be observed at
96 h. However, the effect of single IR-780 uorescence imaging
is weak, and there is still uorescence at the ninety-sixth hour,
indicating that metabolism is slow. To further observe the
enrichment of various tissues and organs aer tail vein injec-
tion of different compounds, they were sacriced and observed
using NIR-II imaging. As shown in Fig. 4b, both IR-
780@BSA@Gd3+and IR-780@BSA can be metabolized in vivo
for 24 h, which does not easily lead to the accumulation of
complexes and reduce the toxic and side effects. On the
contrary, free IR-780 accumulates in the lungs, and IR-780 in the
free state should not be used in clinical practice due to its
deposition in organs and toxic and side effects. To quantify the
changes in the uorescence intensity of the three substances
with time, we developed a uorescence intensity-time quanti-
tative line chart. As shown in Fig. 4c, the uorescence intensity
Fig. 4 Evaluation of metabolic changes in different complexes in
mice. (a). NIR-II images at different times with 808 nm light excitation
after injections of different substances into the tail vein of mice (top:
IR-780@BSA@Gd3+; middle: IR-780@BSA, bottom: free IR-780). (b)
NIR-II imaging results of various tissues and organs under 808 nm light
excitation light at different time points after mice were injected with
different substances in the tail vein (from left to right:IR-
780@BSA@Gd3+ 48 h; IR-780@BSA@Gd3+ 24 h; IR-780@BSA 24 h;
free IR-780 24 h). (c) Quantitative broken line statistics of epidermal
fluorescence intensity changes with time after mice were injected with
different substances in the tail vein. (d) Quantitative analysis of the
fluorescence intensity in the near-infrared region II of each tissue and
organ at different time points after injections of different substances
into the tail vein of mice (from left to right: IR-780@BSA@Gd3+ 48 h;
IR-780@BSA@Gd3+ 24 h; IR-780@BSA 24 h; Free IR-780 24 h).

2252 | RSC Adv., 2023, 13, 2248–2255
of IR-780@BSA was better than those of IR-780@BSA@Gd3+
and free IR-780. Over time, the uorescence intensity of IR-
780@BSA@Gd3+ decreased more rapidly than that of IR-
780@BSA. In Fig. 4d and b, three substances are less distrib-
uted in the spleen and intestine and more distributed in the
lung and liver, suggesting that the complex is metabolized by
the liver and lung.

3.5 Lymphatic system of IR-780@BSA@Gd3+ tracer lesions
under MRI and NIR-II

To further verify the excellent tracing effect of IR-
780@BSA@Gd3+ in the edematous lymphatic system, we
successfully prepared lymphedema model mice. As shown in
Fig. 5a, the lymphatic uorescence imaging aer the injection
of IR-780@BSA@Gd3+ to the toe webs of the lower limbs of the
lymphedema model mice in different positions was observed in
the NIR-II area. IR-780@BSA@Gd3+can be developed during
NIR-II and nuclear MR imaging. In addition, IR-
780@BSA@Gd3+ only enters the lymphatic system, and the
interference of surrounding tissues is removed; the imaging of
the lymphatic system is more precise and intuitive, and it can
dynamically observe whether the edema lymphatic vessels are
blocked. MRI was used to observe the edema of the lower limbs
of the lymphedema model mice, as shown in Fig. 5b and c;
green shows edema lesions captured with MRI without IR-
780@BSA@Gd3+ injection, and red represents the edema
Fig. 5 Lymphatic imaging of the bimodal complexes in lymphedema
model mice. (a) NIR-II imaging of lymphedema model mice after
injection of IR-780@BSA@Gd3+ into the toe webs of both lower limbs.
(b) Sagittal T1 fat reduction image after injection of IR-780@BSA@G-
d3+in the toe webs of both lower limbs of lymphedema model mice
(green: edema lesions without complex injection, red: edema lesions
after complex injection). (c) Axial image of T1 fat reduction after
injection of IR-780@BSA@Gd3+ in the toe webs of both lower limbs of
lymphedema model mice (green: edema lesions without complex
injection, red: edema lesions after complex injection).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lesions imaged aer the injection of the IR-780@BSA@Gd3+
usingMRI. At the same level, nomatter the sagittal or axial view,
the experimental group could determine the surrounding tissue
edema and the lymphatic system edema. In addition, it assisted
in judging the anatomical changes and lesions of the
surrounding tissue, but the diagnosis and anatomical location
of the disease need to be determined by doctors with several
years of clinical experience.

4. Conclusion

NMR can only be used to observe tissue structures under static
conditions, which oen requires diagnosis by senior clinicians,
and NIR-II has deep penetration but cannot be used to visualize
surrounding tissues. A compound protein developer IR-
780@BSA@Gd3+ was synthesized bymodifying IR-780 and Gd3+
on BSA, which can be used for NIR-II imaging and nuclear
magnetic resonance imaging. IR-780@BSA@Gd3+can not only
be used for accurate localization and visualization with NMR; it
can also be used to dynamically observe the structural and
functional changes in lymphatic vessels using NIR-II. We per-
formed in vivo and in vitro imaging experiments by combining
IR-780, IR-780@BSA, and IR-780@BSA@Gd3+, respectively. We
veried that IR-780 and Gd3+ did not change the organizational
structure of BSA, and IR-780 and Gd3+ could exist in a complex
with BSA. IR-780@BSA@Gd3+ also has a 780 nm NIR function
and can be used for Gd3+nuclear magnetic imaging function. In
addition, the dye complexes chelated with BSA have similar NMR
imaging results and the same NIR-II uorescence intensity as
Gd3+and IR-780 in the free state. We veried the biosafety of IR-
780@BSA@Gd3+ in vitro and in vivo. The complex did not reduce
cell proliferation and had no signicant effect on mouse organ
function. The imaging of IR-780@BSA@Gd3+ in the lymphatic
system in vivo was signicantly better than that of free IR-780,
which was distributed in the systemic lymphatic system and
mainly concentrated in the draining lymph nodes. IR-
780@BSA@Gd3+ has good stability and can enrich and exist
stably in the lymphatic system. As a biological dye, IR-780 has an
unknown metabolic pathway in vivo, while IR-780@BSA@Gd3+
can accelerate the metabolism of IR-780 in vivo and reduce bio-
logical toxicity. At the same time, IR-780@BSA@Gd3+ facilitates
a more precise and intuitive visualization of the lymphatic
system and can be used to dynamically observe the edema
lymphatic vessels for blockage to assist in judging the anatom-
ical changes and lesions of surrounding tissues. This study
suggests a novel approach for diagnosis by clinicians. Our
experiments show that IR-780@BSA@Gd3+ has good dual-mode
imaging function and is an effective nanomaterial for disease
diagnosis. Next, we consider linking corresponding drugs to
proteins for the treatment of lymphatic system diseases to
produce a dual-mode nanomaterial for the integrated diagnosis
and treatment of lymphedema.
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