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Abstract
Lymphatic system is identified the second vascular system after the blood circulation in mammalian species, however the research on lymphatic system has long been hampered by the lack of comprehensive imaging modality. Nanomaterials have shown the potential to enhance the quality of lymphatic imaging due to the unparalleled
advantages such as the specific passive targeting and efficient co-delivery of cocktail to peripheral lymphatic system,
ease molecular engineering for precise active targeting and prolonged retention in the lymphatic system of interest. Multimodal lymphatic imaging based on nanotechnology provides a complementary means to understand the
kinetics of lymphoid tissues and quantify its function. In this review, we introduce the established approaches of lymphatic imaging used in clinic and summarize their strengths and weaknesses, and list the critical influence factors on
lymphatic imaging. Meanwhile, the recent developments in the field of pre-clinical lymphatic imaging are discussed
to shed new lights on the design of new imaging agents, the improvement of delivery methods and imaging-guided
surgery strategies.
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Graphical Abstract

Introduction
Blood and lymphatic vessel networks are two central components of cardiovascular system in vertebrate,
playing a pivotal role in body homeostasis maintenance
and involving in the development of multiple diseases
[1]. Compared with blood circulation system, the
research on lymphatic system has been neglected for a
long time. The cognitive functions of lymphatic system
mainly include the following aspects: (1) maintenance
of tissue fluid homeostasis, (2) uptake of dietary lipids,
(3) host defense and immunity, and (4) protein transportation. Increasing evidences have revealed that the
lymphatic system is closely interrelated with cardiovascular disease, inflammation, cancer and obesity, which
are the four major challenges to healthcare in the coming decades [2, 3].

As a significant transportation route for various soluble antigens and activated antigen-presenting cells from
peripheral tissues to the draining lymph nodes, the
immune cells in the lymphatic system undertake the
important immunosurveillance functions [4]. Lymphatic
endothelial cells (LECs) determine the adaptive immune
response by mediating immune cell trafficking, promoting T cell tolerance and activation [5, 6]. The lymphatic
vessels lined with LECs play an active role in formation
of innate and adaptive immunity, and a suitable microenvironment is established by downstream lymph nodes as
the confluence of migratory immune cells [7]. Once the
anatomical association and functional coupling between
the lymphoid organs are disrupted, pathogens bypass
the tight surveillance of lymphatic system and access to
the circulation, thereby eliciting illness [8]. Therefore, an
intact lymphatic system is essential for maintaining host
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immunity and probing the pathogenesis of multiple diseases. Furthermore, to gain more insight into the kinetics and functions of lymphoid tissues and immune cells,
the strategies of lymphatic imaging at different levels are
desired, including whole-body imaging, intravital organ/
cell imaging and ex vivo tissue/cell imaging [9].
The lymphatic system is characterized by slow unidirectional flow, colorless transparency and minor diameter, which make it difficult to be recognized even under
microscopy [10]. Therefore, interstitial or subcutaneous
injection of contrast agents are destined to be the most
appropriate approach to observe the lymphatic system.
However, the shortcomings of individual imaging modalities existing in current clinical applications hamper the
depiction of intact lymphatic system including poor spatiotemporal resolution, limited depth penetration, largescale equipment and radiation exposure [11]. Despite
substantial efforts have been made to develop clinically
available nanoformulations for lymphatic imaging, the
progress in this filed is still unsatisfactory, promoting
scientists to develop novel technologies for clinical lymphatic imaging.
Nanomaterials exhibit unparalleled advantages in
the field of theranostic bioapplications benefiting from
their excellent properties, including tunable structures, facile modifications, size effect and sensitive
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stimuli-responsiveness [12–15]. The improvement of
biocompatibility, enhancement of resolution, and the
relief of drug-associated side effects provide abundant
possibilities for the treatments of a variety of diseases,
thus inspiring the clinical translation [16]. Crucially,
nanoscale formulations possess the native capability of
passive targeting, which is ideally suitable for lymphatic
imaging. Various studies on theranostic nanomaterials are currently in full swing worldwide, especially in
the area of tumor and correlation sentinel lymph nodes
(SLNs) imaging [17–24].
In this review, we summarize the established
approaches of lymphatic imaging used in clinic and
introduce their strengths and weaknesses (Fig. 1
and Table 1). Several impact factors on the design
of theranostic nanomaterials for lymphatic imaging
are discussed. Subsequently, we highlight the recent
advances in the field of preclinical lymphatic imaging,
especially about the application of theranostic nanomaterials. We focus on the utilizations of nanomaterial to heighten the lymphatic image resolution, which
improve the diagnostic accuracy and therapeutic efficacy (Scheme 1). We believe that this review will arouse
extensive attentions and inspire more distinctive studies on the related research fields.

Fig. 1 Current clinical imaging modalities of lymphatic system. a Typical radiographic image of the inguinal region following iodide angiography.
Reproduced with permission [25]. Copyright 2019, Lippincott Williams and Wilkins. b Systemic lymphoscintigram after subcutaneous injection of
radioactive tracers in the fee. Reprint with permission from [26]. Copyright 2010, Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim. c Different MRL
patterns of lymphatic drainage in lymphoedematous limbs. Reproduced with permission from [27]. Copyright 2015, Wiley–VCH Verlag GmbH & Co.
KGaA, Weinheim. d Characteristic of indocyanine green (ICG) lymphography in different lymphedema stages, Reproduced with permission from
[28]. Copyright 2014, SAGE Publications Inc. e Procedure to defining fluorescent LNs in robotic gastrectomy. Reproduced with permission from [29].
Copyright 2018, American Medical Association
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Scheme 1 The application of nanotechnology in lymphatic imaging and imaging-guided surgery

Lymphatic imaging strategies
Nanoparticles used for lymphatic imaging usually
referred to the size of 5–100 nm, locating in the “justright” region for lymphatic drainage. The subtle size
endows nanoparticles with prolonged retention in circulatory system, enhancing imaging resolution and
pharmaceutical effect, rather than being trapped in the
capillaries of the organs. Actually, both the characteristics of nanomaterials and lymphatic structure have great
influence on the imaging results. In this section, we
mainly introduce the special characteristics of lymphatic
structure and the strategies for the design and delivery of
nanoparticles.
Lymphatic structure

The lymphatic capillaries are ducts with a closed blind
end, which consist of single-layer LECs and incomplete
basement membrane [48]. Unlike vascular endothelial

cells, LECs adopt a tile-like or fish-scale structure, in
which the endothelial cells overlap the edges of adjacent
ones (Fig. 2a) [49, 50]. Such a distinctive arrangement
allows macromolecular particles (such as proteins, lipids)
and immune cells suspending in the interstitial enter
lymphatic capillaries through the endothelial gap without
backflow [51, 52]. When the extracellular matrix (ECM)
is swollen (such as subcutaneous injection of nanomaterials), the gap of LECs is opened to ~ 100 nm by the interaction between anchoring filaments and collagen fibres,
and subsequently the nanomaterials enter lymphatic
capillaries. The nanomaterials migrate to the primary
lymph nodes followed by entering the next lymph nodes
or thoracic duct and finally flow into the blood circulation (Fig. 2b) [5, 53]. Thus, the nanomaterials can achieve
their specific theranostic functions following the lymphatic recycle. About 80% of the lymph comes from liver
and intestinal lymphatics which are rich in proteins and
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Fig. 2 a Three types of endothelial junctions (left) and the corresponding electron micrographs (right). Reprint with permission from [50].
Copyright 2009, Springer-Verlag GmbH Germany. b Organization chart of whole-body lymphatic system and the routes of contrast agent
administration. (i) Intradermal/interstitial administration or indirect lymphography. (ii) Intra-lymphatic administration or direct lymphography. (iii)
Oral gavage of hydrophobic lipids results in uptake through the lacteals into the mesenteric lymphatics. (iv) Intravenous administration of lymphatic
contrast. Reproduced with permission from [53]. Copyright 2014, American Society for Clinical Investigation. c Modes of drug or contrast entry
into lymphatics from the interstitium. Lymphatic-targeted drugs delivered to the interstitial space are passively or actively shuttled into lymphatic
capillaries dependent upon the chemical and physical properties of the drug or drug delivery system. Reproduced with permission from [63].
Copyright 2021, Annual Reviews

lipids, the lymphatic function of liver and intestine can
provide more insights into the design of lymphatic theranostic nanomaterials [54].
Tracer design and delivery

It is widely recognized that the size of the nanomaterials
determines its selective entrance in blood or lymphatic
vessels. Typically, nanoparticles 5 to 100 nm in diameter are suitable for lymphatic drainage, depend on the
maximum gap (ca.120 nm) between the endothelial cells
of lymphatic capillary [55, 56]. However, the transport
mechanism of macromolecules passing through LECs is
not fully understood [57–59]. Different from the previous
wisdom, recent studies have shown that a few pathways
play significant roles in the lymphatic transport of macromolecules [60]. Consistent with this concept, the clearance of hyaluronic acid in interstitium is mostly related
to its interaction with LYVE-1 that specifically expression on LECs [61]. Schubert et al.proposed that albumin
was transported across vascular endothelium by gp60
and caveolae transporters [62]. Although the mechanism
of LEC surface receptors facilitate the entrance of macromolecules into lymphatic vessels remains confused,
the receptor-mediated ingestion mechanism provides a
potential avenue for precise lymphatic imaging and theranostic applications (Fig. 2c) [63].
Apart from the size, surface charge also has a great
influence on the delivery efficiency. In this regard, it is
difficult to reach consensus conclusion about the influence of surface charge in lymphatic imaging, because

both negatively and positively charged nanoparticles
showing efficient lymphatic drainage and retention
[64–69]. As the major components of ECM, hyaluronic
acid (HA) with negative charge plays a positive role in
the clearance of contrast agents. Negatively charged
nanoparticles are preferred for lymphatic imaging
due to the weaker interactions with HA and specially
stress-induced transport mechanism [70, 71]. However,
the positively charged NPs exhibit higher endocytosis
compared to negatively or natural ones owing to the
negative surface charge of the cell membrane. Ma et al.
demonstrated that the same size of NPs but different
zeta potentials (+ 39.25, + 0.51 and − 45.84 mV respectively) showed different cellular uptake, the cationic
NPs exhibited higher cellular uptake than the other two
in eight different cell lines consisting of epithelial cells,
fibroblastic cells, carcinoma and megakaryoblastic cells
[72]. Helle et al. also confirmed that when the negative
charges were hidden by PEG shell, silica nanoparticlesCOOHcore (35–40 nm) seemed more appropriate in
mapping lymph nodes after subcutaneous injection
[68]. Interestingly, Huang et al. demonstrated that negatively-charged NPs had higher accumulation than positively charged NPs in lymph nodes after i.v. injection,
whereas positively charged NPs exhibited higher gene
expression level [73]. Taking all these factors into consideration, negatively charged nanomaterials smaller
than 100 nm can be transported from interstitial into
lymphatic vessels, while the positively charged nanoparticles are possibly brilliant candidates for activating
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the immune response or exerting the pharmacodynamic effect by efficient endocytosis.
Besides the factors mentioned above, the sites of subcutaneous injection also play the important role in lymphatic imaging. Kagan et al. assessed the relationship
between lymphatic absorption and the injection site
by injecting three distinct macromolecules into lateral
thigh, including bovine insulin (5.6 kDa), recombinant
human α-erythropoietin (30.4 kDa) and bovine albumin
(66 kDa). It was found that the accumulation of three
proteins with different molecular weights was almost
barely detected (< 3%) in thoracic duct. The author attributed this phenomenon to the difference of anatomical
structure of the injection site, which has extensive diffusion space and could not supply effective tissue hydrostatic pressure [74]. Similar conclusion was drawn in a
liposome biodistribution study by Oussoren et al.[75].
These findings warrant more attention since the preclinical evaluation of nanoformulations is becoming more
widespread, including vaccines, immunization and lymphatic imaging.

State‑of‑the‑art of nanotechnology in preclinical
lymphatic imaging
To date, a large number of theranostic nanomaterials
have been reported for preclinical lymphatic imaging
studies [76–80]. The following sections highlight recent
advances in lymphatic imaging using sophisticated nanoformulations, intraoperative navigation and sentinel
lymph node biopsy in detail.
Radionuclide imaging

Lymphoscintigraphy (LSG) is recommended as the test
of choice for lymphedema patients, with a Grade 1 recommendation and B level of evidence by the American
Venous Forum, which is also widely used for seeking
SLNs of tumor [81, 82]. The capability of fast clearance
from injection site, accurate accumulation and high
retention are essential for SLNs imaging. In order to
fulfill these requirements, 99mTc-tilmanocept, a novel
CD206-targeting lymphatic imaging agent was approved
by FDA in 2014. It can be specifically and rapidly taken
up by lymphatic vessels owing to its relatively small size
(about 7 nm), and allowing accurate identification and
retention in SLNs by mannose-mediated T cells endocytosis (Fig. 3a) [83–85].
On the basis of planar lymphoscintigraphy, PET/CT
or SPECT/CT provides complementary 3D images.
From the efficacy and biosafety perspective, Wang et al.
reported a 99mTc-labeled biomineralization nanoparticle for multimodal imaging of lymphatic drainage and
network in real-time using SPECT/MRI and NIR fluorescence. The gadolinium oxide nanoparticles were
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synthesized by the biomineralization approach from Gd
and ovalbumin, in which the radioactive tracer and cypate
was conjugated to ovalbumin scaffold. The corresponding MRI/NIR/SPECT nanoparticles (99mTc-Gd@OVACy) with the appropriate size exhibited high resolution
and sensitivity lymphatic imaging [86]. Compared with
SPECT, PET lymphography provides higher sensitivity
and resolution in imaging of lymphatic system and SLNs
by intradermal injection of radioisotope-labeled tracers,
such as 18F-FDG. However, 18 F-FDG, a small molecule, is
rapidly eliminated by blood circulation after local injection, which in turn hamper lymphatic system imaging.
Thorek et al. introduced a multimodal nanoparticle,89Zrferumoxytol (ca. 17–35 nm), to precisely detect LNs on
the basis of PET/MRI imaging. When the tracer was
administered in the forepaw (superficial tissue) and prostate (deep), lymph nodes were clearly observed by PET/
MRI modality using 3D visualization and reconstruction
with a lower specific activity range of 0.1–0.5 mCi mg–1
Fe (Fig. 3b) [87]. Chen et al. synthesised a nanomaterial
(18F-AIF-NEB) by combining 18F aluminum fluoridelabeled NOTA conjugated truncated Evans blue (EB) for
lymphatic imaging. 18F-AIF-NEB rapidly formed stable
complex with endogenous albumin when it was injected
into the interstitial space. The formed complex specifically drained into the lymphatic system, allowing multimodal PET/Optical imaging of the lymphatic system.
This “hitchhiking” strategy not only greatly improves the
fluorescent quantum yield of fluorescent dyes, but also
reflects the behavior of endogenous proteins in the body
through radioactive signals, avoiding the use of colloids,
polymers and nanoparticles. It provides new insights
for future design of contrast agents with brilliant safety,
which exhibits great potentials in preoperative assessment and intraoperative navigation of lymphatic diseases
(Fig. 3c) [88].
Although there are various types of radiolabeled metal
nanomaterials holding great application potentials in
bioimaging, the conventional manner of electrostatic
attraction or simple chelation can easily lead to radioisotope translocation to proteins, thus subsequently
resulting in image misreading. A novel nuclear theranostic platform, 124I embedded gold (Au) nanoparticles
(RIe-AuNPs), was developed by Jeon and co-workers via
straightforward DNA-based radiolabeling chemistry and
additional hybridization strategy. Combining PET and
Cerenkov luminescence imaging (PET/CLI), PEGylated
RIe-AuNPs enabled the sensitive and stable mapping of sentinel lymph nodes in vivo, and the injection
dose and radioactivity (10 × 10−12 M/1.295 MBq) were
extremely low. More importantly, the building blocks
utilized were commercially available, favorable for the
clinical translations (Fig. 4a, b) [89]. Recently, Gao et al.
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Fig. 3 a The images obtained by intratumoral injection of 99mTc-Tilmanocept contrast agent in a patient with breast cancer. Two well-depicted
SLNs were clearly seen in all sets of images (white arrow). Reproduced with permission from [85]. Copyright 2021, Society of Nuclear Medicine
and Molecular Imaging. b Schematic of 89Zr-ferumoxytol and multimodal visualization of lymph nodes (axillary and somatic). Reproduced with
permission from [87]. c The reconstructed coronal PET images of inflamed popliteal (Upper) and sciatic (Lower) LNs in the secondary hind limb
inflammation model. d Complementary of optical (left) and PET (middle) images of enhancement popliteal and sciatic LNs, indicated by a white
arrow. Reproduced with permission from [88]. Copyright 2014, Society of Nuclear Medicine and Molecular Imaging

used biomineralization method to develop a transferrinencapsulated GdF3 nanoparticles (GdF3@Tf NPs) with
size of 40–50 nm. Cy7 and 64Cu were further employed
to modify 
GdF3@Tf NPs to endow the nanomaterial
with NIR and PET imaging capability (64Cu-GdF3@
Tf-Cy7 NPs). The GdF3@Tf NPs exhibit high T
 2-weighted
enhancement compared with most T
 1-weighted rolled
contrast agents. The nanoparticles realized multi-functional imaging (PET, CT, MRI and fluorescence) with
excellent tumor accumulation specificity by taking
advantage of transferrin-mediated targeting delivery,
exhibit great potential in clinical translation (Fig. 4c–e)
[90].
Lipiodol once played a significant role in the imaging of lymphatic system at early stage. This hydrophobic opaque agent can remain in the lymph vessels
and indirectly show the profile of lymph vessels and
nodes. However, this strategy is rarely used in clinic
because the lipiodol needs to be injected into lymph

vessels directly, which is technically difficult to operate and increase the risk of pulmonary embolization.
Zhang et al. developed a phospholipid nanoparticle
(PL(I/D)NPs, ca. 60 nm) core-loaded with lipiodol (I)
and a near-infrared dye (DiR-BOA) to trace the lymphatic system. Scavenger receptor class B member 1
(SR-B1), a key surface receptor for anionic phospholipids, is highly expressed in the endothelial cell of lymphatic vessels, which facilitates the special translation
of phospholipid nanoparticle into the lymph vessels.
PL(I/D)NPs provided a long-distance map of the lymphatic system, from the subcutaneous injection site in
feet to the thoracic ducts with an entire length about
68 mm. Meanwhile, the metastatic LNs were identified
by measuring individual volume and the separation distance along the lymph vessels. This noninvasive identification strategy integrates active and passive targeting
capabilities will bring new enlightenment to the clinical
whole-body lymphatic system imaging (Fig. 5) [91].
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Fig. 4 a Schematic illustration of PEG-RIe-AuNPs and multiple images of sentinel lymph nodes in vivo. b PET/CLI signal of PEG-RIe-AuNPs
accumulate in sentinel lymph nodes over time. Detailed: (upper) 3D-PET/CT images, (middle) PET/CT images of cross-sectional, (bottom) CLI
images. Reprinted with permission [89]. Copyright 2016, Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim. c Self-assembly and modification of
transferrin encapsulated GdF3 nanoparticles and TEM images. Scale bars are 100 nm (TEM) and 1 nm (HRTEM). d T1 and T2-weighted MRI images
of SLNs in healthy mouse after injection of GdF3@Tf NPs 3 h. e Multimodal imaging of colorectal tumor bearing-mice at different time points after
intravenous injection of 64Cu-GdF3@Tf-Cy7 NPs. Reproduced from [90]. Copyright 2020, American Chemical Society

Magnetic resonance lymphography

Magnetic resonance imaging (MRI) exhibits a growth
advantage in the diagnosis of lymphatic disorders due
to its excellent performance in imaging of soft tissue
and slow fluid [92]. Magnetic resonance lymphography
(MRL) allows fine visualization of the deep lymphatic
system and regional lymph nodes with higher resolution.
In recent years, it is notably favored by clinicians as the
constant development of macromolecule contrast agents
(mCAs). The mostly used MRI mCAs are T
 1-weighted
paramagnetic transition metal ion chelates gadolinium
(Gd) chelates as examples, and T
 2-weighted superparamagnetic iron oxide nanoparticles (SPIO) [93]. The injection dose of gadolinium-based MRI mCAs is 100-fold
lower than that of iodine atoms required for CT imaging.
Ideal MRI contrast agents are desired to possess high efficiency and minimum side-effects, without the possibility to introduce harmful ingredients into the body [94].
Kobayashi et al. compared the imaging performances
of three dendrimer-based contrast agents with different sizes, PAMAM-G8 (958 kDa), DAB-G5 (51 kDa) and
PAMAM-G4 (58 kDa), aiming to analyzing the pharmacokinetic behavior of these mCAs. In vivo experiments
revealed that hydrophilic PAMAM-G8 with larger size
was more favorable for lymphatic vessel visualization,

while the smaller hydrophobic DAB-G5 was more effective for lymph node imaging. The hydrophilic PAMAMG4 was intermediate in character between PAMAM-G8
and DAB-G5, but exhibiting the lowest background signal in the liver. PAMAM-G4 was also regarded as the
preferred choice for clinical application due to the fast
clearance and low background signal (Fig. 6a, b) [95, 96].
In this study, the author used the size effect to ingeniously reduce the possible related nephrotoxicity. When
PAMAM-G4 was transferred from the lymphatic system
to the blood circulation, it should be rapidly excreted
from the kidney without significant retention.
DOTA is given preference by virtue of its extremely
high association constant. The better stability of thermodynamic and kinetic limit transmetallation with endogenous cations (e. g., Zn2+, Ca2+) and reduce the release
of toxic G
 d3+ ions. Additionally, nanoparticles around
3–10 nm can be selectively untaken by lymphatic system and easily excreted from kidney. Müller et al. evaluated the MRL performance of gadolinium (Gd)-based
ultra-small nanoparticle AGuIX (3–4 nm) in healthy rats
and chronic hindlimb lymphedema models. In the rat
hindlimb lymphedema model, AGuIX enabled MRL of
anatomical depiction with a higher-resolution (Fig. 6c, d)
[97]. Compared with the non-operated hind limb, AGuIX
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Fig. 5 a The illustration of the synthesis process of PL(I/D)NPs and the metastasis LN detection by CT and NIR imaging in vivo after dorsal foot
injection of PL(I/D)NPs. b Representative fluorescence and 3D reconstructed CT images of superficial lymphatics with PL(I/D)NPs in vivo after tail
subcutaneous injection. c Schematic illustration of metastasis LNs after hock injection. d The CT reconstruction images of mice lymphatic system. e
Representative images of lymphatic architecture extracted from d. f H&E staining of LNs corresponding to e. Reproduced from [91]. Copyright 2020,
American Chemical Society

MRL indicated that thicker lateral lymphatic draining
and subcutaneous reflux have emerged at the distal end
of the ligated lymphatic vessels after lymphovascular
ligation six weeks. MRL showed a significant reduction
in their collateral lymphatics 10 to 14 weeks post-operation, which was owing to the onset of the compensatory
mechanisms in chronic lymphedema. In order to avoid
the potential side effects caused by the release of Gd
ions from DTPA over time, Yano used cyclic DOTA as
an alternative chelator, which was employed to develop
a new contrast agent using a carboxylated nanodiamond
(CND) as a platform. Compared with Gd-DTPA-CND,
the newly fabricated Gd-DOTA-CND contained fewer
Gd elements, but exhibited stronger MRI signal in water
and serum, showing promising potential in clinical MRL
imaging [98].
Superparamagnetic iron oxide (SPIO) nanoparticles
effectively migrate to lymph nodes after local administration due to phagocytosis by macrophages. The accumulation efficiency of SPIO in tumor metastatic lymph
nodes is much lower than that in normal, so the heterogeneous signal enhancement can be used to identify
whether enlarged lymph node is associated with tumor
metastasis [99–101]. Turkbey et al. conducted a study
on 49 patients suspected of lymph node metastases

with prostate, bladder and kidney cancer. SPIO nanoparticles were intravenously injected, MRI scans of the
region of interest (ROI) were performed at 24 and 48 h
post injection. The specificity, sensitivity, negative predictive and positive predictive value were 64.4%, 98.0%,
93.5% and 86.0% respectively, which were independent on the lymph node size. The penetration process of
SPIO particles into the lymphatic system was very slow
after intravenous injection, requiring delayed imaging
[102]. Recently, Gu et al. synthesized a nanoformulation (CS015, ca. 30 nm) with the capability of MRL at
an ultra-low effective dose (0.075 μmol/kg). Surface
modified PAA segments could effectively prevent the
self-aggregation, boosting the absorption by lymphatic
system. Compared with two commercially available SPIO
nanoparticles ferumoxytol and ferumoxtran-10, CS015
with negative charge (− 44.5 ± 0.50 mV) exhibited excellent imaging resolution of popliteal lymph nodes. After
intravenous injection of CS015 was mainly distributed
in the liver, spleen and systemic lymph nodes, which is
a good option for the imaging of systemic lymph nodes
24 h post intravenous injection (Fig. 6e–f ) [103]. Though
the iron oxide nanoparticles as a T
 2 MRI contrast agents
have improved sensitivity of lymphatic imaging, the
negative signal present challenges in issues imaging with
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Fig. 6 a, b The whole-body dynamic 3D-micro-magnetic resonance lymphangiography of mice injected with PAMAM-G8, DAB-G5, PAMAM-G4,
Gadomer-17 and Gd-DTPA into foot gap. The MR images acquired at 10 and 45 min post-injection are shown, with permission from [95]. Copyright
2003, Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim. c The magnetic resonance imaging and magnetic resonance angiography in rats. First two
pictures: 3D-TOF-GRE hindlimb scan before (Native) and after (AGulX) intradermal AGuIX injection. Third: 3D-GRE angiography with intravenous
Gadofosveset after AGuIX administrated 2 h. Last: Anatomical dissection after methylene blue injection. d Representative MRL images with AGuIX
and Gd-DOTA in different time. The arrowhead shows the lymph nodes and collecting lymphatic vessels. Modified from [97]. Copyright 2017,
Wolters Kluwer Health. e Comparison of CS015 and two commercially SPIOs for enhanced MR angiography with subcutaneous injection. f MR
images of lymph nodes before and 24 h after intravenous injection of CS015. Reprinted with permission [103]. Copyright 2020, Elsevier

intrinsically low MRI signals [104]. The magnetic particle imaging (MPI) emerges, which measures the change
in electronic magnetization of iron and promises much
higher sensitivity than MRI in vivo. Song et al. developed
a sensitive and multimodal imaging tracer, carbon-coated
FeCo nanoparticles about 10 nm. The MPI signal intensity was sixfold and 15-fold higher than the signals from
two kinds of commercial superparamagnetic iron oxide
tracers, VivoTrax and Feraheme. FeCo@C-PEG nanoparticles also had high optical absorbance in a broad NIR
region (700–1200 nm) and exhibited great potential in
lymphatic photoacoustic imaging [105]. The toxicity of
metal-based NPs is always a concern, the reactive oxygen
species (ROS) mediated cytotoxicity is considered as an
important mechanism of renal toxicity induced by metalbased nanoparticles. An experiment was performed to
study the effect of F
 e3O4 NPs on the kidney, which indicated that the increased lipid peroxidation was significant only at the highest exposure dose (40 mg/kg) and
the oxidative stress was mainly induced by the release of
Fe from Fe NPs [106].
Several breakthroughs have achieved in MRL over the
past years by fully exploiting the nanotechnology, there
still exist several issues during clinical applications. For
instance, it’s difficult to distinguish dilated lymphatic
vessels from the concomitant venous. The main way to
distinguish these two vessels in clinical is mainly based

on the imaging features, such as ductal diameter, morphology, and bead-like changes. Actually, adding an MR
venogram after the depiction of the lymphatic system
is also an acceptable approach [27]. Another alternative
solution is performing a 3D steady-state free precession (SSFP) balanced electrocardiography-(ECG) triggered sequence with spectral fat saturation instead of a
heavily T2-weighted sequence before 3D gradient-echo
T1-weighted MRL. In this way, the severity and distribution of lymphedema are directly visualized and the veins
are displayed more clearly [107]. It is essential to assess
the location and activity of lymphatic vessels using MRL
in preoperative of lymphatic venous anastomosis, however the limited information obtained by MRL emphasizes the importance of combining with other imaging
methods, such as fluorescence imaging (ICG) [108, 109].
Fluorescence imaging

Fluorescence lymphatic imaging is coming into focus in
recent years because of its excellent resolution, ease of
usage, non-invasive and negligible radiation exposure
[110–113]. Various fluorescent dyes have been developed
for imaging of superficial lymphatic system, especially
the fluorophore with the emission at the second nearinfrared (NIR-II) window [114–117]. Early work mainly
focuses on the use of near-infrared quantum dots (NIR
QDs) for SLN detection. Type II QDs are widely used
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in pre-clinical research by virtue of their near-infrared
emission, efficient light absorption and excellent photostability [117]. Frangioni et al. developed a new sort of
type II QDs coating by oligomeric phosphine to render
them soluble and stable in serum. Only 400 pmol type II
QDs permit SLNs to be visualized feasibly in real-time
using excitation fluorescence rates of 5 mW/cm2. The
brilliant fluorescence behavior allows the type II QDs
for imaging-guided operation of sentinel lymph node
resection in large animals (pigs, closer to human size). It
deepened the insight into operation filed, shortened the
procedure time, narrowed surgical incision and improved
the surgical efficiency. However, considerable challenges
of QDs still remain due to the particle retention in the
reticuloendothelial system of mice even after two years
(Fig. 7a, b) [118].
Compared with QDs, ICG-encapsulated nanoplatforms
have been extensively investigated owing to their excellent biosafety and ease of clinical translations. ICG is
the only near-infrared fluorescent dye approved by FDA
for clinical use, while its clinical applications are greatly
hampered by the intrinsic defects, such as poor photostability, easy aggregation and quick clearance. In order
to overcome the problems mentioned above during clinical applications of ICG, a majority of nanoformulations
have been developed [120–124]. Proulx et al. introduced
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a PEG-modified liposome encapsulating ICG (PEG-LipICG) for quantitative description of the dynamic flow in
the lymphatic system. In the PEG-Lip-ICG nanoplatform
(ca. 60 nm), ICG was homogeneously dispersed in the
bilayer membrane, leading to a significant enhancement
of fluorescence and avoiding self-aggregation in the interstitial matrix. PEGylation not only improved the solubility and stability in physiological environment, but also
avoided the phagocytosis by the reticuloendothelium.
More interestingly, a 22 nm red shift in fluorescence
spectrum was observed after the formation of PEG-LipICG, facilitating deeper tissue imaging. Compared with
wide-type mouse, PEG-Lip-ICG showed significant lag
lymphatic drainage and slow clearance at the injection
site in a genetic mouse model of lymphatic dysfunction
(Chy mouse) (Fig. 7c–e). The stability of PEG-Lip-ICG
was satisfactory, less than 10% of ICG leaked from the
nanoformulation within 3 h in the presence of low concentration serum, while rapidly dissociated in high concentration serum. This is conducive to the disintegration
of nanoparticles into monomers for rapid metabolism
after being transported to the blood system, which is
beneficial for further design of degradable theranostic
nanomaterials [123].
Although the combination of liposome and ICG
increased the brightness, stability, and specificity to

Fig. 7 a Structure of conventional type-II QDs and TEM. b Images of the surgical field in a pig injected intradermally at the right groin with
400 pmol of NIR QDs. Reproduced with permission from [118]. Copyright 2004, Nature publishing group. c Structure of PEG-Lip-ICG and ICG was
well dispersed, the UV–vis absorption spectra and OP fluorescence spectra are shown in the later pictures. d NIRF images from animals before and
after intradermal injection of ICG and PEG-Lip-ICG in the left rear paw with series of time. e Representative images of Chy mouse (left), a model of
lymphatic dysfunction and Wild-type littermate mice (right) after intradermal injection of PEG-Lip-ICG. Reprinted with permission [123]. Copyright
2010, American association cancer research
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lymphatic system. The relatively large size, prolonged
circulation and migration rates act as barriers to longitudinal quantitative lymphatic imaging. Generally, the
generation of lymphatic vessels in tumor tissue is significantly correlated to lymph metastasis, while the potential
remodeling and reimbursement routs of tumor-draining
lymphatic vessels play a crucial role when peritumoral
lymphatic drainage is impaired. Proulx et al. developed a
range of bright NIR dye IRDye coupled with PEG (from
10 to 40 kDa) to observe the contraction of lymphatic
vessels and distant lymphatic metastasis of tumor in real
time. Compared with previous lymphangiography studies, these tracers dynamically described the functional
status of collecting lymphatic vessels and draining LNs
in vivo. (Fig. 8a–c). In order to investigate the relationship between the extent of anterior lymph node metastasis and lymphatic drainage, B16-F10-luc2 cell line and
4T1 cells were used to establish orthotopic tumor models. The increased lymphatic flow in tumor tissue and
metastasis in popliteal lymph nodes were observed. In
addition, the dysfunction of lymphatic flow caused by
the growing metastatic tumor in LN changed the original
pathways of lymphatic drainage and led to metastasize
distantly (Fig. 8d) [124]. This concept may have major
implications for the mapping and resection of peritumoral lymph nodes in clinical radical surgical treatment
[127–129].
Compared with the conventional imaging at NIR-I
(700–1000 nm), NIR-II imaging (1000–1700 nm) has
become a promising non-invasive visualization method
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of deep lymphoid system with reduced tissue scattering
and lower background [130–133]. Recent studies have
shown that ICG also has the NIR-II imaging capability
because of its extended long emission tail at NIR-II region
[134, 135]. Chen et al. innovatively applied two regions
of NIR-II (NIR-IIa and NIR-IIb) imaging modes to assist
tumor resection and SLN biopsy. They reported a dual
NIR-II fluorescence nanoplatforms containing a bright
primary tumor-seeking D-A-D dye (IR-FD) with NIRIIa (1100–1300 nm) imaging and a ultrabright PbS/CdS
core–shell QDs with dense polymer coating for imaging
tumor-metastasis SLNs at the NIR-IIb (> 1500 nm). T
cell specific ligands were further attached to the surface
of QDs to increase their retention capacity in SLNs, and
PEG was linked to the D-A-D dye to increase the size,
preventing self-aggregation and improving the water
solubility. More importantly, this optimized D-A-D system dye exhibited extremely high quantum yield (up to
6.0%) and performed excellent imaging capability in vivo
(Fig. 9) [134].
Matrix metalloproteinase (MMP) secretion is highly
associated with tumor invasion and metastasis. Therefore, sensitive and accurate monitoring the changes of
MMP secretion can indicate small metastatic tumors
in SLNs and distant tissues. Liu et al. developed a cell
membrane-anchored ratiometric upconversion nanomaterial, UCNPs-Cy3/Pep-QSY7/Ab, to visualise the MMP
secretion in situ, and further applied in imaging metastatic SLNs. Cy3 and MMP2 substrate peptide labelled
by QSY7 quencher (Pep-QSY7) were decorated on the

Fig. 8 a Representative imaging of lateral side of lymphatic vessels in the tail, ear, flank and lower leg after intradermal injection of P20D680. b
Specificity of tracer uptake by lymphatic vessels and popliteal vein after intradermal injection into hind paw with IRDye 800CW (ca.2 nm) and
P10D800 (ca.7 nm). c The schematic diagram of lymphatic vessels network in mouse hind limbs (i) and the visualization of high uptake of P20D680
after intradermal injection into hind paw (ii). (iii) The valve function of collecting lymphatic vessels was also visualized in real time by P40D800.
d Cartoon of lymphatic flow and rerouting of lymphatic flow after tumor spread from footpad tumors. Reproduced with permission from [124].
Copyright 2013, Elsevier
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Fig. 9 a General structure of dual NIR-II probes and NIR-II imaging-guided sentinel lymph nodes resection. b Schematic illustration of dual NIR
II fluorescent dye injection and lymphatic drainage. c The illustration of dual-color imaging-guided surgery. d The different channels images
displayed signal accumulation of IR-FD and QDs after administration of subcutaneous injection in tumor bearing mouse. e Dual NIR-II imaging
guided pre- and post-surgery of sentinel LN excision. Reproduced with permission from [134]. Copyright 2020, Wiley–VCH Verlag GmbH & Co. KGaA,
Weinheim

surface of UCNPs. The UCNPs emission at 540 nm was
quenched by QSY7 due to Cy3-mediated luminescence
resonance energy transfer (LRET) process. Epidermal
growth factor antibody (Anti-EGFR) was conjugated to
UCNPs via a PEG44 linker for specific anchoring on the
membrane of tumor cells. When MMP2 was secreted
by tumor cells, Cy3 emission at 580 nm could be recovered upon MMP2-responsive Pep-QSY7 cleavage. So,
the MMP2 secretion monitoring system anchored on
the cell membrane achieved visualization of the MMP
in metastatic SLNs in vivo [135]. Wang et al. developed a pH-responsive nanoformulation (PCN) by integrating chemiluminescence resonance energy transfer
(CRET) and signal amplification strategy. When PCNs
were drained into metastatic SLNs, they were phagocytosed by the tumor-associated macrophages and disintegrated in acidic phagosomes, then emit NIR fluorescence

signal. Specifically, luminol and a NIR fluorescent probe
pyropheophorbide a (PPa) were covalently conjugated
to PCNs, luminol could precisely response to redundant myeloperoxidase (MPO) of macrophage in SLNs
and emit bule luminescence, while PPa could reply the
blue luminescence to emit NIR fluorescence through
CRET. This strategy of integrating CRET and signal selfamplification could accurately identify the metastatic
SLNs from benign ones and contribute to improve the
efficacy and safety of surgery (Fig. 10) [136]. Additionally, cancer cells are known to produce an excess of free
radicals, and the high levels of intrinsic ROS also render
them more susceptible to extra oxide attack [137]. So,
redox-sensitive nanomaterials based on the high concentrations of ROS in tumor cell are also a good option to
accurate identification of the metastatic or inflammation
SLNs. Song et al. synthesized several nanoplatforms for
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Fig. 10 a The schematic of pH-amplified self-illuminating PCN for detecting sentinel lymph nodes with tumor metastasis in vivo. b The images
of fluorescence imaging (up) and luminescence imaging (down) in vivo at tumor and normal sides after subcutaneously injected with P
 CN6.9.
c Representative images of PCN identify metastasis lymph nodes through luminescence and fluorescence in the process of tumor growth. Top:
appearance images of different stages of 4T1-GFP subcutaneous tumors. Middle and bottom: Luminescence and fluorescence images of the
metastasis lymph nodes in vivo corresponding to the top. Reproduced with permission from [136]. Copyright 2021, Wiley–VCH Verlag GmbH & Co.
KGaA, Weinheim

photoacoustic imaging, which showed promise in detecting SLNs precisely [140, 141]. As we have mentioned
above, negatively charged nanomaterials as better fit to
be transported into lymphatic vessels, while the positively
charged nanoparticles are more efficacy endocytosed by
cells. Stimuli-responsive charge-reversal nanoparticles
(CRNPs) could sequence the two critical survival pathways together in lymphatic imaging. In generally, the
charge-reversal nanomaterials are uncharged or negatively charged in a physiological setting and it allows the
nanoparticles entry the lymph vessels rapidly. When the
CRNPs are drained to the metastatic lymph nodes, they
are endowed with positive charge in the metastatic tumor

microenvironment and the enhanced endocytosis effect
exhibits a durable imaging signal. However, it is a pity
that the major research of this strategy is rarely focus on
lymphatic imaging [142–145].
Different from traditional fluorescent probes suffering from the aggregation caused quenching (ACQ) phenomenon [144], a new type of fluorophore has been
developed showing the opposite phenomenon, known
as aggregation-induced emission (AIE) [147–150]. These
luminescent groups become "brighter" in solid or aggregated state with higher quantum yields. Feng et al. successfully modified an extant NIR-I molecule whose
emission extend to NIR-II (1200 nm) by converting
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heteroatomic sulfur to selenium in the receptor unit of
D-A-D-type AIEgens. Nanoparticles named as L897 NPs
encapsulating the NIR-II emissive AIEgens realized noninvasive lymphatic system imaging with high signal-tobackground ratio. The fluorescent emission tail of this
nanomaterial extended to 1200 nm and the quantum
yield ascends to 5.8%. When L897 NPs were intradermally injected, the popliteal and sacral lymph nodes were
quickly lit up and the lymphatic vessels between them
were also clearly visualized [116]. Studies have shown
that NIR-II fluorescence imaging was more suitable for
multi-channel imaging because it has low background
signal interference and less light scattering. Recently,
a kind of excellent NIR-II fluorescence nanoparticles
named as IDSe-IC2F was developed by Lin and coworkers, allowing imaging of lymphatic system with high
spatiotemporal resolution. More interestingly, this novel
complementary strategy that combined the multichannel
fluorescence-assisted local lymph node cleaning strategy
(cold) and NIR-II fluorescence-guided systemic photothermal ablation treatment (thermal) presented an effective therapeutic modality for cancer treatment (Fig. 11a,
b). Nanoparticles with various fluorescence properties
were used to describe lymph vessels and nods (IDSeIC2F), blood vessels (TQ-BPN NPs), and ureters (PEGCSQDs) at the same time, which contributed to reduce
the incidence of side damage during lymph node dissection around the tumor and improved the safety of surgery (Fig. 11c–e). Furthermore, the photothermal effect
of IDSe-IC2F was used to treat metastatic lymph nodes
in dangerous areas. This "cold" and "hot" complementary
strategy of multichannel NIR-II fluorescence imaging and
imaging-guided photothermal therapy offered a feasible
route for tumor precision theranostic [149].
Photoacoustic imaging

Photoacoustic imaging (PAI) is a noninvasive and nonionizing imaging technology combining the advantages
of high spatiotemporal resolution of optical imaging and
excellent tissue penetration depth of ultrasound imaging
[150]. Theoretically, it reduces the light scattering, breaks
through the limit of optical imaging depth, thus achieving deeper tissue imaging up to several centimeters. This
imaging modality holds unparalleled advantages in lymphatic system imaging in vivo [151]. The initial researches
of lymphatic photoacoustic imaging mainly focus on
SLNs imaging in animal models of breast cancer or melanoma [152]. Pan et al. designed a few gold nano-beacons
with different sizes to noninvasively imaging SLN. The
colloidal nano-platform with “soft” properties could be
amenable to bio-elimination in the body and accumulate in lymph nodes [153]. As the existing technology
evolving, further development of PAI gradually realized
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the functional detection of lymphatic vessels and lymph
nodes. However, the gold element with high payload may
lead to unsatisfactory lymphatic transport and uncomfortable intradermal injection. Recently, the naked carbon nanoparticles had been extracted from commercial
honey for the first time, and a one-pot "green" technique
was pursued to rapidly modify carbon nanoparticles with
organic macromolecules (e.g., polysorbate, polyethylene
glycol) under solvent free conditions. After subcutaneous injection, the photoacoustic imaging of the lymphatic
system in the ROI could be portrayed quickly with a high
resolution. In the wavelength range of 635–670 nm, the
PA signal was nine times than that of blood, revealing the
potential as an excellent candidate for PAI applications
[154].
Although nanostructures based on inorganic materials such as gold and carbon exhibit strong local surface
plasmonic resonance, efficient targeting capabilities
and excellent biocompatibility in preclinical animals
[158–160]. The long-term safety remains the sticking point limiting their clinic trials. Kim et al. developed a new dual-color photoacoustic contrast formed
from two biocompatible polyethylene blocks (refer to
nanonaps) for lymphatic imaging in vivo. The nanonaps self-assembled from a couple of different nearinfrared absorption naphthalocyanine dyes with the
maximum absorbance at 707 nm and 860 nm. The
absorbance of this nanoformulation in NIR region was
nearly 100 times stronger than that of gold nanorods,
an indicator that this nanomaterial was favorable for
PAI. Apart from this, the lower toxicity, multi-color
imaging capability and non-shifting spectral stability also allowed noninvasively lymphatic imaging. The
bioconjugated nanonaps were successfully utilized for
precise imaging of the lymphatic system and the individualized treatment of tumor (Fig. 12a) [158]. Albumin, a ubiquitous plasma protein in the human body,
has been approved by FDA for several clinical applications, including Abraxane (albumin-bound paclitaxel)
and albumin-bound docetaxel. Albumin containing
hydrophobic domains could encapsulate NIR dyes
through non-covalent interactions to improve the solubility, biocompatibility and utilization of theranostic cargoes [159]. The supramolecular bioconjugation
of NIR dyes (e.g., ICG) with albumin is an efficacious
platform for biomedical applications, such as fluorescence and photoacoustic imaging. Cheng et al. developed a supramolecular assembly of human serum
albumin (HSA) complexed with a sulfonated organic
dye IR820. Notably, the IR820-albumin complex could
be easily synthesized using the FDA-approved ICG as
a theranostic agent, showing excellent clinical translation potential (Fig. 12b) [160]. A 21-fold increase in
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Fig.11 a The diagrammatic drawing of the fabrication process of IDSe-IC2F and the results of TEM and DLS. b NIR-II images of popliteal and
sciatic LNs at different time points and NIR-II imaging-guided lymph node resection. c Precise positioning of mesenteric lymph nodes marked
by IDSe-IC2F NPs and dual-channel fluorescence imaging guide lymphadenectomy on mesentery. d The location of gastric LNs labelled with
IDSe-IC2F NPs and gastric vessels identified with TQ-BPN. i–iv: the process of resection of LNs closely to the left gastric artery. e Triple-channel NIR
fluorescence images of paraaortic LNs (IDSe-IC2F), blood vessels (TQ-BPN NPs), and ureters (PEG-CSQDs) on rats with different excitation light
sources (623 nm and 793 nm), the insert shows that triple-channel fluorescence imaging guide the lymphadenectomy beside the abdominal aorta.
Reprint with the permission from [149]. Copyright 2021, Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim

fluorescence enhancement was realized through this
strategy, which was suitable for NIR-II lymphatic imaging and PAI of SLN with a high resolution. The fluorescence of nanoformulations was contribute to validating
the location of tracers in the process of PAI, assessing
the intrinsic connection between nanoformulations
and different organs [164, 165]. Compared with NIR

fluorescent dyes, some non-fluorescent probes sometime exhibited relatively higher photostability and photoacoustic efficiency [166, 167]. It remains challenging
to improve the photoacoustic sensitivity and resolution
to fulfil the requires of lymphatic imaging. Yücel et al.
described a hybrid photoacoustic tracer by conjugating albumin with a NIR non-fluorescent dye (QC-1)
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Fig. 12 a i: Chemical structure of naphthalocyanines used in this research. ii–vii: the PA images of SLNs with injection of 707 nm nanonaps.
Reproduced with permission [158]. Copyright 2015, Elsevier. b i: The simulation of the interaction of IR820 with HAS. ii, iii NIR imaging and PAI of
tumors and biodistribution of IR820-BSA. Reprinted with permission from [160]. Copyright 2019, Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim.
c Synthesis of the hybrid QBB tracer. d i: The cross-sectional of PAI in the eyes (top row) and neck region (bottom row) after injection of QBB. ii:
Fluorescent visualization of the neck after removal of skin and fat. Iii, iv: Confocal images indicate that QBB tracers lodged in the right neck LN
(green signal). Reprinted with permission from [165]. Copyright 2021, Elsevier

and a BODIPY-based fluorophore for photoacoustic
lymphatic imaging. This novel hybrid nanoformulation
QC-1/BSA/BODIPY (QBB) described lymphatic drainage from peripheral eyes to the neck with a minimum
detectable concentration (2.5 μM) with high photostability. The imaging signal was quantitatively measured
using PAI and the location of neck lymph node was visualized with fluorescence imaging after local injection
of the prepared formulation QBB (Fig. 12c, d). This category of photoacoustic-fluorescent agents provided an
intriguing method to enhance and refine existing clinical photoacoustic imaging techniques [165].

Other imaging modalities

Contrast-enhanced ultrasound (CEUS) has been widely
used in preclinical and clinical trials. It has been demonstrated that ultrasound microbubbles prefer to accumulate in sentinel lymph nodes, rather than the secondary
or further lymph nodes, possibly due to the high affinity of coating materials to macrophages [166]. Numbers
of submicron particles have been used for imaging of
regional lymph nodes after subcutaneous injection [170–
173]. It is generally believed that the optimal image size
of the lymphatic system was found to be in the range of
5 to 100 nm. Interestingly, microbubbles with a diameter
of several microns also seem to be able to pass through
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the peripheral lymphatic endothelium and colonize in the
local lymph nodes to realize the identification of benign
or malignant [169]. Despite their widespread applicability
in tumor imaging and diagnosis, the low imaging resolution, slow subcutaneous migration rates, inaccessibility
to deep retroperitoneum and other defects have limited
their use in clinical lymphatic imaging.
Optical coherence tomography (OCT) is a label-free
imaging technique in vivo which makes lymphatic vessels “visible” through the negative contrast of highly scattered surrounding tissues [171]. This technique allows
rapid volume scanning, quantitative evaluation of the
lymphatic function and three-dimensional imaging at
the micron scale (5–20 μm). As a pioneer in complex
dynamic imaging of living tissues, it has shown advantages in the visualization of lymphatic vessels in conjunctiva and skin. Regrettably, due to the little detectable
change in the index of refraction in the NIR-II, the vast
majority of small molecules and fluorescent probes lack
the intrinsic OCT contrast. Development of novel imaging probes for OCT is favourable to visualize biomarkers concurrently with anatomical features at a depth of
a few millimetres with a resolution of micrometer-scale.
Furthermore, polarization-sensitive (PS)-OCT can provide additional information about tissue retardation and
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depolarization based on the polarization state of the
detected light. Keahey et al. successfully achieved multiplexed mapping of lymph vessels and associated draining lymph nodes after subcutaneous injections of GNBPs
by combing PS-OCT and spectral contrast (SC)-OCT
measurements. This novel detection and multiplexing
technique open a door to optical molecular imaging and
enable to map lymphangiogenesis in tumors and metastatic SLNs (Fig. 13) [172].
Multimodal imaging

In order to overcome the inherent defects of single imaging, the multimodal imaging emerged by integrating the
merits of individual modalities. PET-CT is an effective
way to diagnose lymphatic disorders, which combines
the precise positioning of positron emission and highresolution of tomography technology, and. With the
maturation of multimodal imaging technologies, such
as PET/CT, SPECT/CT, PET/MRI etc., various multifunctional imaging probes have been developed to realize synergistic lymphatic imaging. To compensate for
the lack of imaging resolution in lymphoscintigraphy,
Kobayashi et al. reported a multimodal and multicolor
nanosized imaging agent, which coalesced 111In-labeled
radionuclide and five-color optical dyes to visualize the

Fig. 13 a TEM images of GNBPs. b Spectra of GNBPs. c Intensity, spectral contrast and degree of polarization images of GNBPs. d Schemic and
representative images of GNBPs on the hind limb in mice. e Representative images of ex vivo popliteal lymph node before and after G
 NBP1394
injection. Reproduced from [172], Copyright 2021, American Chemical Society
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local lymphatic drainage and detect SLNs. Radionuclides
allowed absolute quantification and augmented penetration depth, while multicolor optical imaging described
different drainage regions with superior spatiotemporal
resolution [173]. Li et al. developed N
 aLuF4-based multifunctional upconversion nanoparticles doping with G
 d3+,
3+
3+
3+
Yb , Er and T
 m . Lutetium (Lu) showed strong X-ray
absorption for CT imaging, lanthanide performed excellent upconversion luminescence signal with unique properties, such as sharp emission lines, large stokes shifts,
superior photostability, and non-blinking. G
 d3+ provided outstanding T1-weighted MRI signal and relaxation. Studies had shown that the relaxivity parameter (r1)
could reach as low as 2.273 s−1 mM−1, which was half of
commercial T1-enhanced MRI agents while the signals
acquired was higher than most of the reported Gd-doped
nanoparticles (Fig. 14) [174].
In 2001, PET/CT was officially introduced into clinic
use for the first time. Subsequently, commercial PET/
MR was successfully installed and put into use in 2010.
The multimodal imaging technology with PET as the
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fundamental pillar has advanced by giant leaps in the
past 10 years. Meanwhile, the development of new multimodal probes based on PET possesses outstanding
benefits, greatly promoting scientists to develop novel
contrast agents. The most representative example is the
Cornell dots (C dots), inorganic nanoprobe integrating
PET and fluorescence dual-mode imaging modalities
[175]. Bradbury et al. conducted the first human imaging trial using C Dots as multimodal imaging contrast.
Combining the pivotal advantages of PET and NIR optical imaging, these C-dots were successfully applied in
imaging of human melanoma, which brought the dawn
to multimodal imaging of clinical lymphatic system [176].
With the popularity of microsurgical techniques in
the treatment of limbs lymphedema, the “road map” of
lymphatic system is becoming increasingly important
in preoperative clinical staging and intraoperative navigation. In order to better promote the basic research to
clinic, Chen et al. used 68 Ga-NEB to evaluate the feasibility of combining PET/MRL with FL (ICG) in rapidly
visualizing lymphatic system and preoperative staging in

Fig. 14 a, b Structure of the Lu-UCNPs and TEM image. c MRI images of lymph node at 0 and 30 min after intradermal injection of Lu-UCNPs. d
Multimodal images (PET/CT/MRI) of lymph node after intradermal injection of Lu-UCNPs. e Lymph node images were detected in vivo, in situ and
ex vivo after injection of Lu-UCNPs in nude mice. Reproduced with permission from [174]. Copyright 2012, Elsevier
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lymphedema. The results proved that 68 Ga-NEB could
provide detailed three-dimensional structures of central
and peripheral lymphatic system with higher temporal resolution. Moreover, the picture of impaired lymphatic vessels was clearly revealed by combining PET/
MRL and fluorescence lymphangiography. These multimodal images had important implications for evaluating
lymphedema severity and staging damaged lymph vessels, thus contributing to make an individualized treatment plan (Fig. 15) [177].
The lymphatic vessels provide channels for lymphocytes, antigen presenting cells (APCs) and antigens traffic
from tissues to draining lymph nodes, where the lymphocytes execute the function of immune monitoring. From
this perspective, more functional information about the
lymphatic system will be found by using multimodal
imaging strategies to track immune cells in the lymph at
different levels. Chen et al. reported a promising clinical
translation albumin/AlbiVax nanoformulations via conjugating molecular vaccines with EB into albuminbinding vaccines (AlbiVax), which can self-assemble in vivo
with desirable biological functions (Fig. 16). There was
almost 100-fold more efficient co-delivery of CpG and
agents to lymph nodes than benchmark incomplete Freund’s adjuvant (IFA) through the quantitative evaluation
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of PET pharmacoimaging, light-sheet fluorescence and
super-resolution microscopies. This multimodal imaging
strategy at different levels including whole-body, intravital organ and cell provided the potential of exquisitely
quantitative the lymphatic immune function [178].

Summaries and prospects
In this review, a series of fantastic research about the
design strategy of lymphatic nanoformulations and lymphatic imaging modalities have been summarized. The
individual modalities based on various creative nanomaterials discussed above had express high-quality information of lymphatic drainage. As an ideal lymphatic contrast
agent, the following characteristics should be taken
into consideration:= 1\ ∗ roman (i) the optimal scale
(5–100 nm); (ii) a suitable modification based on different imaging mechanisms and purposes including size,
surface charge, target sites etc.; (iii) long-term biosafety
concern about the excessive use of organic solvents and
the immune response of nanomaterials retained in vivo;
(iv) increased utilisation of biological components such
as haemoglobin and albumin. These strategies of “hitchhiking” and “self-assembly in vivo” have significant
potentials in incorporation into novel biomaterials.

Fig. 15 a The process of 68Ga-NEB combined with ICG for PET/MR/ICG lymphangiography. b–d Lymphatic imaging of both lower limbs in a patient
with stage I, II, III lymphedema. Multimodal imaging details (PET, MRI and FI) could provide more evidence to judge the severity of lymphedema
disease. e Multimodal imaging findings and the formulations of surgical plan based on imaging data in patients with lymphedema. Reproduced
with permission from [177]. Copyright 2017, Springer Berlin Heidelberg
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Fig. 16 a Schematic structure of albumin/MEB nanoformulations. b The illustration of multimodal imaging strategies including whole-body
imaging, organ/tissue imaging, and cellular imaging. c Representative PET images of AlbiVax in vivo. d Light sheet fluorescence microscopy images
depict 3D intranodal distribution of AlbiVax. e Representative confocal microscopy images of AlbiVax in APCs. Reprinted from [178]

To better access the function of lymphatic, it is imperative to integrate multiple advanced lymphatic imaging
modalities. Multimodal imaging technology with PET as
the fundamental pillar has been widely developed in clinical practice in addition to lymphatic imaging, which may
be related to lacking of fewer available clinical lymphatic
contrast agents and the specific anatomy of peripheral
lymphatic vessels. Represented by near-infrared fluorescence and photoacoustic imaging have brought light to
the mentioned predicament above. It is envisioned that
PET-CT (MRI)/optical multimodal imaging is promising
become the best combination in clinical diagnosis and
treatment in the future.
There are a lot of important factors need to be considered in precise imaging of LNs including the locations of
LNs (superficial or peritoneal), the characteristics of LNs
(immunity or tumor metastatic), the injection practise of
contrast agents (intravenous or subcutaneous injection)
and so on. In order to specifically deliver imaging agents
to targeting LNs, a major consideration emphasizes the
difference of individual LNs microenvironment. In particularly, there are several options available for targeting the corresponding LNs such as the specific antigenic
peptides presented on the surface of target cells, the
lower pH or higher level of ROS/GSH in tumor/inflammation extracellular microenvironment, the aggregation
of tumor-associated immune cells, excessive cytokine or

enzyme release associated with tumor/inflammation etc.
These factors described above can be used as stimuli during the preparation of nanoformulations for imaging LNs
precisely.
Surgery remains the mainstay of therapy for multiple
primary diseases. Clinicians in the worldwide are now
faced with the dilemma: how to avoid the iatrogenic
injury and meanwhile make sure radical treatment?
Imaging-guided accurate intraoperation navigation
provides a feasible solution to address the problem.
Given that the lymphatic system is characterized by
colorless transparency and minor diameter, the lymphatic imaging with high spatiotemporal resolution
could present accurate information of lymph nodes
and lymphatic vessels in tumor radical resection and
lymphatico-venous anastomosis, maximally shortening the operation time, improving the process efficiency
and avoiding iatrogenic injury. Certainly, synthesizing
nanomaterials with excellent properties and choosing a
suitable multimodal imaging method are the first and
key step to achieve these goals. Over the past decades,
the research on lymphatic system is far less advanced
than other systems owing to lacking of powerful means
to visualize it comprehensively. As the interesting of
lymphatic imaging continues evolve, it is imperative
to look for innovative nanomaterials to overcome the
obstacle by taking full advantage of individual element
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with distinct characteristics and eventually achieve
clinical translation. We anticipate that an overall
impressive description of the central-peripheral-superficial lymphatic system can be depicted at one time in
the not-too-distant future and the lymphatic system is
bound to return to the spotlight.
Abbreviations
LECs: Lymphatic endothelial cells; LSG: Lymphoscintigraphy; SPECT: Single
photon emission computed tomography; FI: Fluorescence imaging; PET:
Positron emission tomography; MRI: Magnetic resonance imaging; MRL:
Magnetic resonance lymphography; PAI: Photoacoustic imaging; SPIO: Superparamagnetic iron oxide; SLN: Sentinel Lymph Node; ICG: Indocyanine green;
ECM: Extracellular matrix; LYVE-1: Lymphatic Vessel Endothelial Receptor-1;
18
F-FDG: 18F-Fludeoxyglucose; EB: Evans Blue; CLI: Cerenkov luminescence
imaging; PAMAM: Polyamidoamine; CND: Carboxylated nanodiamond; SSFP:
Steady-state free precession; NIR-II: Near-infrared II; QDs: Quantum dots;
D-A-D: Donor–acceptor–donor; ACQ: Aggregation caused quenching; AIE:
Aggregation-induced luminescence; ROI: Region of interest; HAS: Human
serum albumin; CEUS: Contrast-enhanced ultrasound; OCT: Optical coherence
tomography; C dots: Cornell dots; DB: Dermal backflow; LVA: Lymphaticovenous anastomosis; SAPL: Suction-assisted protein vessels; APCs: Antigen
presenting cells.
Acknowledgements
This work was supported by the Key Laboratory Construction Project of Jilin
Province (No. 20190901002JC), Innovation Building Projects of Jilin Province
(No. 2019C007) and Special project for health scientific research talents of Jilin
Province (No. 2020SCZ11).
Authors’ contributions
SQ: writing the article; XW: review and editing; KC and WS: review and visualization; GY and JD: supervision, editing and funding. All authors read and
approved the final manuscript.
Funding
The Tsinghua University Spring Breeze Fund (2021Z99CFZ007), the Starry
Night Science Fund of Zhejiang University Shanghai Institute for Advanced
Study (SN-ZJU-SIAS-006).
Availability of data and materials
Not applicable.

Declarations
Competing interests
There are no conflicts to declare.
Author details
1
Key Laboratory & Engineering Laboratory of Lymphatic Surgery Jilin Province,
China-Japan Union Hospital of Jilin University, Changchun 130031, People’s
Republic of China. 2 Key Laboratory of Bioorganic Phosphorus Chemistry &
Chemical Biology, Department of Chemistry, Tsinghua University, Beijing 100084, People’s Republic of China. 3 Department of Lymphology, Beijing
Shijitan Hospital, Capital Medical University, Beijing 100038, People’s Republic
of China.
Received: 10 November 2021 Accepted: 28 December 2021

References
1. Petrova TV, Koh GY. Biological functions of lymphatic vessels. Science.
2020;369(6500):eaax4063.
2. Mortimer PS, Rockson SG. New developments in clinical aspects of
lymphatic disease. The J Clin Invest. 2014;124(3):915–21.

Page 23 of 27

3. Zhang Y, Li Y, Tang S, Li X, Guan W, Li X, et al. Modified polymer dots for
multi-scale multi-modal imaging of lymphatic system in tumor premetastasis. Appl Mater Today. 2020;21:100863.
4. Clement CC, Rotzschke O, Santambrogio L. The lymph as a pool of selfantigens. Trends Immunol. 2011;32(1):6–11.
5. Alitalo K. The lymphatic vasculature in disease. Nat Med.
2011;17:1371–80.
6. Martin-Almedina S, Mortimer P, Ostergaard P. Development and
physiological functions of the lymphatic system-insights from genetic
studies of lymphedema. Physiol Rev. 2021;101:1809–71.
7. Randolph GJ, Ivanov S, Zinselmeyer BH, Scallan JP. The lymphatic system: integral roles in immunity. Annu Rev Immunol. 2017;35(1):31–52.
8. Kastenmüller W, Torabi-Parizi P, Subramanian N, Lämmermann T,
Germain RN. A spatially-organized multicellular innate immune
response in lymph nodes limits systemic pathogen spread. Cell.
2012;150(6):1235–48.
9. Tian R, Ke C, Rao L, Lau J, Chen X. Multimodal stratified imaging of
nanovaccines in lymph nodes for improving cancer immunotherapy.
Adv Drug Deliv Rev. 2020;161–162:145–60.
10. Proulx ST, Luciani P, Dieterich LC, Karaman S, Leroux J-C, Detmar M.
Expansion of the lymphatic vasculature in cancer and inflammation:
New opportunities for in vivo imaging and drug delivery. J Controlled
Release. 2013;172(2):550–7.
11. Zhang F, Niu G, Lu G, Chen X. Preclinical lymphatic imaging. Mol Imaging Biol. 2011;13(4):599–612.
12. Vl A, Lf B, Ii A. Biomedical nanotechnology: Occupational views-ScienceDirect. Nano Today. 2019;24:10–4.
13. Jiang Y, Pu K. Advanced photoacoustic imaging applications of nearinfrared absorbing organic nanoparticles. Small. 2017;13(30):1700710.
14. Kim YH, Im GB, Kim SW, Kim YJ, Yu T, Lee JR, et al. Anti-senescence
ion-delivering nanocarrier for recovering therapeutic properties of
long-term-cultured human adipose-derived stem cells. J Nanobiotechnology. 2021;19(1):352.
15. Parodi A, Buzaeva P, Nigovora D, et al. Nanomedicine for increasing the
oral bioavailability of cancer treatments. J Nanobiotechnol. 2021;19:354.
16. Wang C, Fan W, Zhang Z, Wen Y, Chen X. Advanced nanotechnology
leading the way to multimodal imaging-guided precision surgical
therapy. Adv Mater. 2019;31:1904329.
17. Yang S, Chen C, Qiu Y, Xu C, Yao J. Paying attention to tumor blood
vessels: cancer phototherapy assisted with nano delivery strategies.
Biomaterials. 2021;268:120562.
18. Han S, Wang W, Wang S, Yang T, Wang L, et al. Tumor microenvironment remodeling and tumor therapy based on M2-like tumor
associated macrophage-targeting nano-complexes. Theranostics.
2021;11(6):2892–916.
19. Zhang T, Zheng Q, Fu Y, Xie C, Fan G, Wang Y, et al. α-Fe2O3@Pt heterostructure particles to enable sonodynamic therapy with self-supplied
O2 and imaging-guidance. J Nanobiotechnol. 2021;19:358.
20. Xc A, Yong Z. Combination of tumor fragments and nanotechnology
as a therapeutic approach: Treating a tumor with tumor. Nano Today.
2020;35:100993.
21. Song C, Zhang Y, Li C, Chen G, Kang X, Wan Q. Enhanced nanodrug
delivery to solid tumors based on a tumor vasculature-targeted strategy. Adv Funct Mater. 2016;26:4192–200.
22. Wu H, Chen Z, Qi S, Bai B, Ye J, Wu D, et al. Evaluation of the stability of
cucurbit[8]uril-based ternary host-guest complexation in physiological environment and the fabrication of a supramolecular theranostic
nanomedicine. J Nanobiotechnology. 2021;19(1):330.
23. Zhang Y, Li M, Gao X, Chen Y, Liu T. Nanotechnology in cancer diagnosis:
progress, challenges and opportunities. J Hematol Oncol. 2019;12:137.
24. Li M, Gao X, Lin C, Shen A, Luo J, Ji Q, et al. An intelligent responsive
macrophage cell membrane-camouflaged mesoporous silicon
nanorod drug delivery system for precise targeted therapy of tumors. J
Nanobiotechnology. 2021;19(1):336.
25. Pieper CC, Hur S, Sommer CM, Nadolski G, Itkin M. Back to the future:
lipiodol in lymphography-from diagnostics to theranostics. Invest
Radiol. 2019;54(9):600–15.
26. Mellor RH, Hubert CE, Stanton A, Tate N, Mortimer PS. Lymphatic
dysfunction, not aplasia, underlies Milroy disease. Microcirculation.
2010;17(4):281–96.

Qi et al. Journal of Nanobiotechnology

(2022) 20:24

27. Mitsumori LM, McDonald ES, Wilson GJ, Neligan PC, Minoshima S,
Maki JH. MR lymphangiography: How i do it. J Magn Reson Imaging.
2015;42:1465–77.
28. Yamamoto T, Yamamoto N, Numahata T, Yokoyama A, Tashiro K,
Yoshimatsu H, et al. Navigation lymphatic supermicrosurgery for the
treatment of cancer-related peripheral lymphedema. Vasc Endovascular
Surg. 2014;48(2):139–43.
29. Kwon IG, Son T, Kim H, Hyung WJ. Fluorescent lymphography-guided
lymphadenectomy during robotic radical gastrectomy for gastric
cancer. JAMA Surg. 2019;154(2):150–8.
30. Natosha M, Trevor D, Mamadou LS, Nima K, Minhaj SK, Bill SM. Lymphatic imaging techniques. J Radiol Nurs. 2020;39(1):69–70.
31. Dreyer K, van Rijswijk J, Mijatovic V, Goddijn M, Verhoeve HR, van Rooij
IAJ, et al. Oil-based or water-based contrast for hysterosalpingography
in infertile women. N Engl J Med. 2017;376(21):2043–52.
32. Kimura T, Hasegawa K, Morisada S, Inagawa K, Tsukahara K, Ensako T,
et al. Lymphangiography and subsequent sclerotherapy can be easily
applied by cannulation of the lymph duct with a catheter for the neonatal central vein. Clin Case Rep. 2017;5(4):508–12.
33. Ito H, Usui A, Uchida W, Mutsuga M. Usefulness of lymphography and
computed tomography for detecting the site of chyle leakage. Indian J
Thorac Cardiovasc Surg. 2019;35(1):104–7.
34. Hoogendam JP, Veldhuis WB, Hobbelink MG, Verheijen RH, van
den Bosch MA, Zweemer RP. 99mTc SPECT/CT versus planar lymphoscintigraphy for preoperative sentinel lymph node detection in
cervical cancer: a systematic review and metaanalysis. J Nucl Med.
2015;56(5):675–80.
35. Yoshida RY, Kariya S, Ha-Kawa S. Lymphoscintigraphy for imaging of the
lymphatic flow disorders. Tech Vasc Interv Radiol. 2016;19(4):273–6.
36. Olmos R, Rietbergen D, Vidal-Sicart S. SPECT/CT and sentinel node
lymphoscintigraphy. Clin Transl Imaging. 2014;2(6):491–504.
37. Lerman H, Metser U, Lievshitz G, Sperber F, Shneebaum S, Even-Sapir
E. Lymphoscintigraphic sentinel node identification in patients with
breast cancer: the role of SPECT-CT. Eur J Nucl Med Mol Imaging.
2006;33(3):329–37.
38. Pappalardo M, Cheng MH. Lymphoscintigraphy for the diagnosis of
extremity lymphedema: current controversies regarding protocol,
interpretation, and clinical application. J Surg Oncol. 2020;121:37–47.
39. Kim EY, Hwang HS, Lee HY, Cho JH, Kim HK, Lee KS, et al. Anatomic and
functional evaluation of central lymphatics with noninvasive magnetic
resonance lymphangiography. Medicine. 2016;95(12):e3109.
40. Trinh L, Peterson P, Brorson H, Månsson S. Assessment of subfascial
muscle/water and fat accumulation in lymphedema patients using
magnetic resonance imaging. Lymphat Res Biol. 2019;17(3):340–6.
41. Mitsumori LM, Mcdonald ES, Neligan PC, Maki JH. Peripheral magnetic
resonance lymphangiography: techniques and applications. J Vasc
Interv Radiol. 2016;19(4):262.
42. Lohrmann C, Foeldi E, Bartholomae JP, Langer M. Gadoteridol for
MR imaging of lymphatic vessels in lymphoedematous patients:
Initial experience after intracutaneous injection. Br J Radiol.
2007;80(955):569–73.
43. Krishnamurthy R, Hernandez A, Kavuk S, Annam A, Pimpalwar S. Imaging the central conducting lymphatics: initial experience with dynamic
MR lymphangiography. Radiology. 2015;274(3):871–8.
44. Ba Rrett T, Choyke PL, Kobayashi H. Imaging of the lymphatic system:
new horizons. Contrast Media Mol Imaging. 2010;1(6):230–45.
45. Landsman M, Kwant G, Mook GA, Zijlstra WG. Light-absorbing properties, stability, and spectal stabilization of indocyanine green. J Appl
Physiol. 1976;40(4):575583.
46. Polom K, Murawa D, Nowaczyk P, Rho YS, Murawa P. Breast cancer
sentinel lymph node mapping using near infrared guided indocyanine
green and indocyanine green-human serum albumin in comparison
with gamma emitting radioactive colloid tracer. Eur J Surg Oncol.
2012;38(2):137–42.
47. Gashev AA, Nagai T, Bridenbaugh EA. Indocyanine green and lymphatic
imaging: current problems. Lymphat Res Biol. 2010;8(2):127.
48. Escobedo N, Oliver G. Lymphangiogenesis: origin, specification, and cell
fate determination. Annu Rev Cell Dev Biol. 2016;32(1):677–91.
49. Dejana E, Orsenigo F. Endothelial adherens junctions at a glance. J Cell
Sci. 2013;126(12):2545–9.

Page 24 of 27

50. Dejana E, Orsenigo F, Molendini C, Baluk P, Mcdonald DM. Organization and signaling of endothelial cell-to-cell junctions in various
regions of the blood and lymphatic vascular trees. Cell Tissue Res.
2009;335(1):17–25.
51. Dejana E, Tournier-Lasserve E, Weinstein BM. The control of vascular
integrity by endothelial cell junctions: molecular basis and pathological
implications. Dev Cell. 2009;16(2):209–21.
52. Pfeiffer F, Kumar V, Butz S, Vestweber D, Imhof B, Stein J, et al. Distinct
molecular composition of blood and lymphatic vascular endothelial
cell junctions establishes specific functional barriers within the peripheral lymph node. Eur J Immunol. 2010;38(8):2142–55.
53. Sevick-Muraca EM, Kwon S, Rasmussen JC. Emerging lymphatic imaging technologies for mouse and man. J Clin Invest. 2014;124(3):905.
54. Hsu MC, Itkin M. Lymphatic anatomy. Tech Vasc Interv Radiol.
2016;19(4):247–54.
55. Ryan GMK, Aminskas LM, Porter C. Nano-chemotherapeutics: Maximising lymphatic drug exposure to improve the treatment of lymphmetastatic cancers. J Control Release. 2014;193:241–56.
56. Irvine DJ, Swartz MA, Szeto GL, Irvine D, Swartz M, Szeto G. Engineering
synthetic vaccines using cues from natural immunity. Nature Mater.
2013;12:978–90.
57. Wiig H, Swartz MA. Interstitial fluid and lymph formation and transport:
physiological regulation and roles in inflammation and cancer. Physiol
Rev. 2012;92(3):1005–60.
58. Dixon JB. Lymphatic lipid transport: sewer or subway? Trends Endocrinol Metab. 2010;21(8):480–7.
59. Thomas SN, Schudel A. Overcoming transport barriers for interstitial-,
lymphatic-, and lymph node-targeted drug delivery. Curr Opin Chem
Eng. 2015;7:65–74.
60. Miteva D, Dixon B, Rutkowski J, Kilarski W, Shields J, Swartz M. Transmural flow modulates cell and fluid transport functions of lymphatic
endothelium. Circ Res. 2010;106:920–31.
61. Jackson DG. Hyaluronan in the lymphatics: The key role of the
hyaluronan receptor LYVE-1 in leucocyte trafficking. Matrix Biol.
2019;78–79:219–35.
62. Schubert W, Frank PG, Razani B, Park DS, Chow CW, Lisanti MP. Caveolae-deficient endothelial cells show defects in the uptake and transport
of albumin in vivo. J Biol Chem. 2001;276(52):48619–22.
63. Xu W, Harris NR, Caron KM. Lymphatic vasculature: an emerging therapeutic target and drug delivery route. Annu Rev Med.
2021;72(1):167–82.
64. Weiss M, Fan J, Claudel M, Sonntag T, Didier P, Ronzani C, et al.
Density of surface charge is a more predictive factor of the toxicity of
cationic carbon nanoparticles than zeta potential. J Nanobiotechnol.
2021;19(1):5.
65. Zeng Q, Jiang H, Wang T, Zhang Z, Gong T, Sun X. Cationic micelle
delivery of Trp2 peptide for efficient lymphatic draining and enhanced
cytotoxic T lymphocyte responses. J Control Release. 2015;200:1–12.
66. Lebre F, Hearnden CH, Lavelle EC. Modulation of immune responses by
particulate materials. Adv Mater. 2016;28:5525–41.
67. Rao DA, Forrest ML, Alani AW, Kwon GS, Robinson JR. Biodegradable
PLGA based nanoparticles for sustained regional lymphatic drug delivery. J Pharm Sci. 2010;99(4):2018–31.
68. Helle M, Rampazzo E, Monchanin M, Marchal F, Guillemin F, Bonacchi S,
et al. Surface chemistry architecture of silica nanoparticles determine
the efficiency of in vivo fluorescence lymph node mapping. ACS Nano.
2013;7(10):8645–57.
69. Cordeiro AS, Crecente-Campo J, Bouzo BL, González SF, de la Fuente
M, Alonso MJ. Engineering polymeric nanocapsules for an efficient
drainage and biodistribution in the lymphatic system. J Drug Target.
2019;27(5–6):646–58.
70. Park HS, Nam SH, Kim J, Shin HS, Suh YD, Hong KS. Clear-cut observation of clearance of sustainable upconverting nanoparticles from
lymphatic system of small living mice. Sci Rep. 2016;6:27407.
71. Ke X, Howard GP, Tang H, Cheng B, Saung MT, Santos JL, Mao HQ. Physical and chemical profiles of nanoparticles for lymphatic targeting. Adv
Drug Deliv Rev. 2019;151–152:72–93.
72. Yue ZG, Wei W, Lv PP, Yue H, Wang LY, Su ZG, Ma GH. Surface charge
affects cellular uptake and intracellular trafficking of chitosan-based
nanoparticles. Biomacromol. 2011;12(7):2440–6.

Qi et al. Journal of Nanobiotechnology

(2022) 20:24

73. Tseng YC, Xu Z, Guley K, Yuan H, Huang L. Lipid-calcium phosphate
nanoparticles for delivery to the lymphatic system and SPECT/CT imaging of lymph node metastases. Biomaterials. 2014;35(16):4688–98.
74. Kagan L, Gershkovich P, Mendelman A, Amsili S, Ezov N, Hoffman A. The
role of the lymphatic system in subcutaneous absorption of macromolecules in the rat model. Eur J Pharm Biopharm. 2007;67(3):759–65.
75. Oussoren C, Storm G. Liposomes to target the lymphatics by subcutaneous administration. Adv Drug Deliv Rev. 2001;50(1–2):143–56.
76. Chepurna OM, Yakovliev A, Ziniuk R, Nikolaeva OA, Levchenko SM, Xu
H, et al. Core–shell polymeric nanoparticles co-loaded with photosensitizer and organic dye for photodynamic therapy guided by
fluorescence imaging in near and short-wave infrared spectral regions.
J Nanobiotechnol. 2020;18:19.
77. Zou X, Xu M, Yuan W, Wang Q, Shi Y, Feng W, et al. A water-dispersible
dye-sensitized upconversion nanocomposite modified with phosphatidylcholine for lymphatic imaging. Chem Commun. 2016;52:13389–92.
78. Niu G, Chen X. Lymphatic imaging: focus on imaging probes. Theranostics. 2015;5(7):686–97.
79. Xu P, Hu L, Yu C, Yang W, Kang F, Zhang M, et al. Unsymmetrical cyanine
dye via in vivo hitchhiking endogenous albumin affords high-performance NIR-II/photoacoustic imaging and photothermal therapy. J
Nanobiotechnol. 2021;19(1):334.
80. Akp A, Stp B. Imaging technology of the lymphatic system. Adv Drug
Deliv Rev. 2020;170:294–311.
81. Donnell TF, Rasmussen JC, Sevick-Muraca EM. New diagnostic modalities in the evaluation of lymphedema. J Vasc Surg Venous Lymphat
Disord. 2017;5(2):261–73.
82. Nieweg OE, Tanis PJ, Kroon B. The definition of a sentinel node. Ann
Surg Oncol. 2001;8(6):538–41.
83. Vera DR, Wallace AM, Hoh CK, Mattrey RF. A synthetic macromolecule
for sentinel node detection: 99mTc-DTPA-mannosyl-dextran. J Nucl
Med. 2001;42(6):951–9.
84. Leong S, Kim J, Ross M, Faries M, Scoggins CR, Metz W, et al. A phase 2
study of 99mTc-tilmanocept in the detection of sentinel lymph nodes
in melanoma and breast cancer. Ann Surg Oncol. 2011;18(4):961–9.
85. Vidal-Sicart S, Rioja ME, Prieto A, Goñi E, Gómez I, Albala MD, et al.
Sentinel lymph node biopsy in breast cancer with 99mTc-tilmanocept:
a multicenter study on real-life use of a novel tracer. J Nucl Med.
2021;62(5):620–7.
86. Xu Z, Wang Y, Han J, Xu Q, Ren J, Xu J, Wang Y, Chai Z. Noninvasive
multimodal imaging of osteosarcoma and lymph nodes using a 99mTclabeled biomineralization nanoprobe. Anal Chem. 2018;90(7):4529–34.
87. Thorek DLJ, Ulmert D, Diop NFM, Lupu ME, Doran MG, Huang R,
et al. Non-invasive mapping of deep-tissue lymph nodes in live
animals using a multimodal PET/MRI nanoparticle. Nat Commun.
2014;5(1):3097.
88. Wang Y, Lang L, Huang P, Wang Z, Jacobson O, Kiesewetter DO, et al.
In vivo albumin labeling and lymphatic imaging. Proc Natl Acad Sci U S
A. 2015;112(1):208–13.
89. Lee SB, Yoon G, Lee SW, Jeong SY, Ahn BC, Lim DK, et al. Combined
positron emission tomography and cerenkov luminescence imaging of
sentinel lymph nodes using PEGylated radionuclide-embedded gold
nanoparticles. Small. 2016;12(35):4894–901.
90. Shi X, Gao K, Xiong S, Gao R. Multifunctional transferrin encapsulated
GdF3 nanoparticles for sentinel lymph node and tumor imaging.
Bioconjug Chem. 2020;31(11):2576–84.
91. Xu G, Qian Y, Zheng H, Qiao S, Yan D, Lu L, et al. Long-distance tracing
of the lymphatic system with a computed tomography/fluorescence
dual-modality nanoprobe for surveying tumor lymphatic metastasis.
Bioconjug Chem. 2019;30(4):1199–209.
92. Hayashi S, Miyazaki M. Thoracic duct: visualization at nonenhanced MR
lymphography-initial experience. Radiology. 1999;212(2):598–600.
93. Villaraza AJ, Bumb A, Brechbiel MW. Macromolecules, dendrimers, and
nanomaterials in magnetic resonance imaging: the interplay between
size, function, and pharmacokinetics. Chem Rev. 2010;110(5):2921–59.
94. Sun C, Lee J, Zhang M. Magnetic nanoparticles in MR imaging and drug
delivery. Adv Drug Deliv Rev. 2008;60(11):1252–65.
95. Kobayashi H, Kawamoto S, Choyke PL, Sato N, Knopp MV, et al.
Comparison of dendrimer-based macromolecular contrast agents for
dynamic micro-magnetic resonance lymphangiography. Magn Reson
Med. 2003;50(4):758–66.

Page 25 of 27

96. Kobayashi H, Brechbiel MW. Nano-sized MRI contrast agents with
dendrimer cores. Adv Drug Deliv Rev. 2005;57(15):2271–86.
97. Müller A, Fries P, Jelvani B, Lux F, Rübe CE, Kremp S, et al. Magnetic resonance lymphography at 9.4 T using a gadolinium-based nanoparticle in
rats: investigations in healthy animals and in a hindlimb lymphedema
model. Invest Radiol. 2017;52(12):725–33.
98. Yano K, Matsumoto T, Okamoto Y, Kurokawa N, Hotta A. Fabrication
of Gd-DOTA-functionalized carboxylated nanodiamonds for selective MR imaging (MRI) of the lymphatic system. Nanotechnology.
2021;32:235102.
99. Saokar A, Braschi M, Harisinghani M. Lymphotrophic nanoparticle
enhanced MR imaging (LNMRI) for lymph node imaging. Abdom Imaging. 2006;31(6):660–7.
100. Fan Z, Huang X, Qian C, Zhu L, Hida N, Gang N, et al. Synergistic
enhancement of iron oxide nanoparticle and gadolinium for dualcontrast MRI. Biochem Biophys Res Commun. 2012;425(4):886–91.
101. Zhang F, Zhu L, Huang X, et al. Differentiation of reactive and tumor
metastatic lymph nodes with diffusion-weighted and SPIO-enhanced
MRI. Mol Imaging Biol. 2013;15:40–7.
102. Turkbey B, Czarniecki M, Shih JH, Harmon SA, Choyke PL. Ferumoxytolenhanced MR lymphography for detection of metastatic lymph nodes
in genitourinary malignancies: a prospective study. AJR Am J Roentgenol. 2020;214(1):105–13.
103. Nie Y, Rui Y, Miao C, Li Q, Gu H. A stable USPIO capable for MR lymphography with Ultra-low effective dosage. Nanomedicine. 2020;29:102233.
104. Wu L, Mendoza-Garcia A, Li Q, Sun S. Organic phase syntheses
of magnetic nanoparticles and their applications. Chem Rev.
2016;116:10473–512.
105. Song G, Kenney M, Chen YS, Zheng X, Deng Y, Chen Z, et al. Carboncoated FeCo nanoparticles as sensitive magnetic-particle-imaging tracers with photothermal and magnetothermal properties. Nat Biomed
Eng. 2020;4(3):325–34.
106. Ma P, Luo Q, Chen J, Gan Y, Du J, Ding S, et al. Intraperitoneal injection of
magnetic Fe3O4-nanoparticle induces hepatic and renal tissue injury via
oxidative stress in mice. Int J Nanomedicine. 2012;7:4809–18.
107. Giuseppe MF, Francesco G, Susanna G, Nevada CS, Duccio G, Paolo G,
et al. MR lymphangiography: a practical guide to perform it and a brief
review of the literature from a technical point of view. Biomed Res Int.
2017;2017:1–8.
108. Zeltzer AA, Carola B, Merel K, Randy DB, Benoit H, Moustapha H, Johan
DM. MR lymphography in patients with upper limb lymphedema: The
GPS for feasibility and surgical planning for lympho-venous bypass. J
Surg Oncol. 2018;118(3):407–15.
109. Pons G, Clavero JA, Alomar X, Rodríguez-Bauza E, Tom LK, Masia J. Preoperative planning of lymphatico-venous anastomosis: the use of magnetic resonance lymphangiography as a complement to indocyanine
green lymphography. J Plast Reconstr Aesthet Surg. 2019;72(6):884–91.
110. Nguyen QT, Tsien RY. Fluorescence-guided surgery with live molecular
navigation–a new cutting edge. Nat Rev Cancer. 2013;13(9):653–62.
111. Chi C, Du Y, Ye J, Kou D, Qiu J, Wang J, et al. Intraoperative imagingguided cancer surgery: from current fluorescence molecular imaging
methods to future multi-modality imaging technology. Theranostics.
2014;4(11):1072–84.
112. Ashitate Y, Hyun H, Kim SH, Lee JH, Henary M, Frangioni JV, Choi HS.
Simultaneous mapping of pan and sentinel lymph nodes for real-time
image-guided surgery. Theranostics. 2014;4(7):693–700.
113. Wada H, Hyun H, Vargas C, Gravier J, Park G, Gioux S, et al. Pancreastargeted NIR fluorophores for dual-channel image-guided abdominal
surgery. Theranostics. 2015;5(1):1–11.
114. Zhang NN, Lu CY, Chen MJ, Xu XL, Shu GF, Du YZ, Ji JS. Recent advances
in near-infrared II imaging technology for biological detection. J Nanobiotechnol. 2021;19(1):132.
115. Wang S, Fan Y, Li D, Sun C, Lei Z, Lu L, et al. Anti-quenching NIR-II
molecular fluorophores for in vivo high-contrast imaging and pH sensing. Nat Commun. 2019;10(1):1058.
116. Wu W, Yang Y, Yang Y, Yang Y, Zhang K, Guo L, et al. Molecular engineering of an organic NIR-II fluorophore with aggregation-induced emission
characteristics for in vivo imaging. Small. 2019;15(20):e1805549.
117. Kim S, Fisher B, Eisler HJ, Bawendi M. Type-II quantum dots: CdTe/
CdSe(core/shell) and CdSe/ZnTe(core/shell) heterostructures. J Am
Chem Soc. 2003;125(38):11466–7.

Qi et al. Journal of Nanobiotechnology

(2022) 20:24

118. Kim S, Lim YT, Soltesz EG, De Grand AM, Lee J, Nakayama A, et al.
Near-infrared fluorescent type II quantum dots for sentinel lymph node
mapping. Nat Biotechnol. 2004;22(1):93–7.
119. Bar-David S, Larush L, Goder N, Aizic A, Zigmond E, Varol C, et al.
Size and lipid modification determine liposomal Indocyanine green
performance for tumor imaging in a model of rectal cancer. Sci Rep.
2019;9(1):8566.
120. Kraft JC, Ho RJ. Interactions of indocyanine green and lipid in enhancing near-infrared fluorescence properties: the basis for near-infrared
imaging in vivo. Biochemistry. 2014;53(8):1275–83.
121. Crawford T, Moshnikova A, Roles S, Weerakkody D, DuPont M, Carter
LM, et al. pHLIP ICG for delineation of tumors and blood flow during
fluorescence-guided surgery. Sci Rep. 2020;10(1):18356.
122. Poß M, Tower RJ, Napp J, Appold LC, Lammers T, Alves F, et al. Multimodal [GdO]+ [ICG]− nanoparticles for optical, photoacoustic, and
magnetic resonance imaging. Chem Mater. 2017;29(8):3547–54.
123. Proulx ST, Luciani P, Derzsi S, Rinderknecht M, Mumprecht V, Leroux JC,
Detmar M. Quantitative imaging of lymphatic function with liposomal
indocyanine green. Cancer Res. 2010;70(18):7053–62.
124. Proulx ST, Luciani P, Christiansen A, Karaman S, Blum KS, Rinderknecht
M, et al. Use of a PEG-conjugated bright near-infrared dye for functional
imaging of rerouting of tumor lymphatic drainage after sentinel lymph
node metastasis. Biomaterials. 2013;34(21):5128–37.
125. Kelley MC, Hansen N, McMasters KM. Lymphatic mapping and sentinel
lymphadenectomy for breast cancer. Am J Surg. 2004;188(1):49–61.
126. Leijte JA, van der Ploeg IM, Valdés Olmos RA, Nieweg OE, Horenblas S. Visualization of tumor blockage and rerouting of lymphatic
drainage in penile cancer patients by use of SPECT/CT. J Nucl Med.
2009;50(3):364–7.
127. Nathanson SD, Mahan M. Sentinel lymph node pressure in breast
cancer. Ann Surg Oncol. 2011;18(13):3791–6.
128. Li C, Wang Q. Challenges and opportunities for intravital near-infrared
fluorescence imaging technology in the second transparency window.
ACS Nano. 2018;12(10):9654–9.
129. Kenry A, Duan Y, Liu B. Recent advances of optical imaging in the
second near-infrared window. Adv Mater. 2018;30(47):e1802394.
130. He S, Song J, Qu J, Cheng Z. Crucial breakthrough of second near-infrared biological window fluorophores: design and synthesis toward multimodal imaging and theranostics. Chem Soc Rev. 2018;47(12):4258–78.
131. Ding F, Zhan Y, Lu X, Sun Y. Recent advances in near-infrared II
fluorophores for multifunctional biomedical imaging. Chem Sci.
2018;9(19):4370–80.
132. Cai Z, Zhu L, Wang M, Roe AW, Xi W, Qian J. NIR-II fluorescence
microscopic imaging of cortical vasculature in non-human primates.
Theranostics. 2020;10(9):4265–76.
133. Carr JA, Franke D, Caram JR, Perkinson CF, Saif M, Askoxylakis V, et al.
Shortwave infrared fluorescence imaging with the clinically approved
near-infrared dye indocyanine green. Proc Natl Acad Sci U S A.
2018;115(17):4465–70.
134. Tian R, Ma H, Zhu S, Lau J, Ma R, Liu Y, et al. Multiplexed NIR-II probes for
lymph node-invaded cancer detection and imaging-guided surgery.
Adv Mater. 2020;32(11):e1907365.
135. Fang Y, Li Y, Li Y, He R, Zhang Y, Zhang X, et al. In situ protease
secretion visualization and metastatic lymph nodes imaging via a
cell membrane-anchored upconversion nanoprobe. Anal Chem.
2021;93(19):7258–65.
136. Wang Z, Xia H, Chen B, Wang Y, Yin Q, Yan Y, et al. pH-Amplified CRET
nanoparticles for in vivo imaging of tumor metastatic lymph nodes.
Angew Chem Int Ed Engl. 2021;60(26):14512–20.
137. Shi L, Wang Y, Zhang C, Zhao Y, Lu C, Yin B, et al. An acidity-unlocked
magnetic nanoplatform enables self-boosting ROS generation through
upregulation of lactate for imaging-guided highly specific chemodynamic therapy. Angew Chem Int Ed Engl. 2021;60(17):9562–72.
138. Ma Y, Xu L, Yin B, Shang J, Chen F, Xu J, et al. Ratiometric semiconducting polymer nanoparticle for reliable photoacoustic imaging of
pneumonia-induced vulnerable atherosclerotic plaque in vivo. Nano
Lett. 2021;21(10):4484–93.
139. Teng L, Han X, Liu Y, Lu C, Yin B, Huan S, et al. Smart nanozyme platform
with activity-correlated ratiometric molecular imaging for predicting
therapeutic effects. Angew Chem Int Ed Engl. 2021;60(50):26142–50.

Page 26 of 27

140. Fan F, Yu Y, Zhong F, Gao M, Sun T, Liu J, et al. Design of tumor acidityresponsive sheddable nanoparticles for fluorescence/magnetic
resonance imaging-guided photodynamic therapy. Theranostics.
2017;7(5):1290–302.
141. Fang Z, Pan S, Gao P, Sheng H, Li L, Shi L, et al. Stimuli-responsive
charge-reversal nano drug delivery system: The promising targeted
carriers for tumor therapy. Int J Pharm. 2020;575:118841.
142. Liu J, Wu Y, Fu C, Li B, Li L, Zhang R, et al. Charge reversion simultaneously enhances tumor accumulation and cell uptake of layered double
hydroxide nanohybrids for effective imaging and therapy. Small.
2020;16(31):e2002115.
143. Wu J, Zheng Y, Liu M, Shan W, Zhang Z, Huang Y. Biomimetic viruslike
and charge reversible nanoparticles to sequentially overcome mucus
and epithelial barriers for oral insulin delivery. ACS Appl Mater Interfaces. 2018;10(12):9916–28.
144. Birks JB. Photophysics of aromatic molecules-a postscript. Org Mol
Photophys. 1975;2:409–613.
145. Luo J, Xie Z, Lam JW, Cheng L, Chen H, Qiu C, et al. Aggregationinduced emission of 1-methyl-1,2,3,4,5-pentaphenylsilole. Chem Commun. 2001;18:1740–1.
146. Liang J, Feng G, Kwok RTK, Ding D, Tang BZ, Liu B. AIEgen based lightup probes for live cell imaging. Sci China Chem. 2016;59:53–61.
147. Hu R, Qin A, Tan BZ. AIE polymers: Synthesis and applications. Prog
Polym Sci. 2019;100:101176.
148. Xie H, Li Z, Gong J, Hu L, Alam P, Ji X, et al. Phototriggered aggregationinduced emission and direct generation of 4D soft patterns. Adv Mater.
2021;23:e2105113.
149. Fan X, Li Y, Feng Z, Chen G, Zhou J, He M, et al. Nanoprobes-assisted
multichannel NIR-II fluorescence imaging-guided resection and photothermal ablation of lymph nodes. Adv Sci. 2021;8(9):2003972.
150. Kim C, Favazza C, Wang LV. In vivo photoacoustic tomography of
chemicals: high-resolution functional and molecular optical imaging at
new depths. Chem Rev. 2010;110(5):2756–82.
151. Wang S, Lin J, Wang T, Chen X, Huang P. Recent advances in photoacoustic imaging for deep-tissue biomedical applications. Theranostics.
2016;6(13):2394–413.
152. Song KH, Stein EW, Margenthaler JA, Wang LV. Noninvasive photoacoustic identification of sentinel lymph nodes containing methylene
blue in vivo in a rat model. J Biomed Opt. 2008;13(5):054033.
153. Pan D, Pramanik M, Senpan A, Ghosh S, Wickline SA, Wang LV, Lanza
GM. Near infrared photoacoustic detection of sentinel lymph nodes
with gold nanobeacons. Biomaterials. 2010;31(14):4088–93.
154. Wu L, Cai X, Nelson K, Xing W, Xia J, Zhang R, et al. A green synthesis of
carbon nanoparticle from honey for real-time photoacoustic imaging.
Nano Res. 2013;6(5):312–25.
155. Rieffel J, Chen F, Kim J, Chen G, Shao W, et al. Hexamodal imaging with
porphyrin-phospholipid-coated upconversion nanoparticles. Adv
Mater. 2015;27(10):1785–90.
156. Liu X, Lee C, Law WC, Zhu D, Liu M, Jeon M, et al. Au-Cu(2–x)Se
heterodimer nanoparticles with broad localized surface plasmon
resonance as contrast agents for deep tissue imaging. Nano Lett.
2013;13(9):4333–9.
157. Luke GP, Bashyam A, Homan KA, Makhija S, Chen YS, Emelianov SY.
Silica-coated gold nanoplates as stable photoacoustic contrast agents
for sentinel lymph node imaging. Nanotechnology. 2013;24(45):455101.
158. Lee C, Kim J, Zhang Y, Jeon M, Liu C, Song L, Lovell JF, Kim C. Dual-color
photoacoustic lymph node imaging using nanoformulated naphthalocyanines. Biomaterials. 2015;73:142–8.
159. Liu Z, Chen X. Simple bioconjugate chemistry serves great clinical
advances: albumin as a versatile platform for diagnosis and precision
therapy. Chem Soc Rev. 2016;45(5):1432–56.
160. Du B, Qu C, Qian K, Ren Y, Cheng Z. An IR820 dye-protein complex for
second near-infrared window and photoacoustic imaging. Adv Opt
Mater. 2019;34:1901471.
161. Mallidi S, Watanabe K, Timerman D, Schoenfeld D, Hasan T. Prediction
of tumor recurrence and therapy monitoring using ultrasound-guided
photoacoustic imaging. Theranostics. 2015;5(3):289–301.
162. Khalili Fard J, Jafari S, Eghbal MA. A review of molecular mechanisms
involved in toxicity of nanoparticles. Adv Pharm Bull. 2015;5(4):447–54.

Qi et al. Journal of Nanobiotechnology

(2022) 20:24

Page 27 of 27

163. Laufer J, Jathoul A, Pule M, Beard P. In vitro characterization of genetically expressed absorbing proteins using photoacoustic spectroscopy.
Biomed Opt Express. 2013;4(11):2477–90.
164. Roberts S, Strome A, Choi C, Andreou C, Kossatz S, Brand C, et al. Acid
specific dark quencher QC1 pHLIP for multi-spectral optoacoustic
diagnoses of breast cancer. Sci Rep. 2019;9(1):8550.
165. Cardinell K, Gupta N, Koivisto BD, Kumaradas JC, Zhou X, Irving H, et al.
A novel photoacoustic-fluorescent contrast agent for quantitative
imaging of lymphatic drainage. Photoacoustics. 2021;21:100239.
166. Dewitte H, Vanderperren K, Haers H, Stock E, Duchateau L, Hesta M,
et al. Theranostic mRNA-loaded microbubbles in the lymphatics of
dogs: implications for drug delivery. Theranostics. 2015;5(1):97–109.
167. Liberman A, Martinez HP, Ta CN, Barback CV, Mattrey RF, Kono
Y, et al. Hollow silica and silica-boron nano/microparticles for
contrast-enhanced ultrasound to detect small tumors. Biomaterials.
2012;33(20):5124–9.
168. El Kaffas A, Sigrist RMS, Fisher G, Bachawal S, Liau J, Wang H, et al. Quantitative three-dimensional dynamic contrast-enhanced ultrasound
imaging: first-in-human pilot study in patients with liver metastases.
Theranostics. 2017;7(15):3745–58.
169. Lurie DM, Seguin B, Schneider PD, Verstraete FJ, Wisner ER. Contrastassisted ultrasound for sentinel lymph node detection in spontaneously arising canine head and neck tumors. Invest Radiol.
2006;41(4):415–21.
170. Goldberg BB, Merton DA, Liu JB, Thakur M, Murphy GF, Needleman L,
et al. Sentinel lymph nodes in a swine model with melanoma: contrastenhanced lymphatic US. Radiology. 2004;230(3):727–34.
171. Horstmann J, Schulz-Hildebrandt H, Bock F, Siebelmann S, Lankenau
E, Hüttmann G, et al. Label-free in vivo imaging of corneal lymphatic
vessels using microscopic optical coherence tomography. Invest Ophthalmol Vis Sci. 2017;58(13):5880–6.
172. Keahey P, Si P, Razavi M, Yu S, Lippok N, Villiger M, et al. Spectral- and
polarization-dependent scattering of gold nanobipyramids for
exogenous contrast in optical coherence tomography. Nano Lett.
2021;21(20):8595–601.
173. Kobayashi H, Koyama Y, Barrett T, Hama Y, Regino CA, Shin IS, et al.
Multimodal nanoprobes for radionuclide and five-color near-infrared
optical lymphatic imaging. ACS Nano. 2007;1(4):258–64.
174. Zhou J, Zhu X, Chen M, Sun Y, Li F. Water-stable NaLuF4-based
upconversion nanophosphors with long-term validity for multimodal
lymphatic imaging. Biomaterials. 2012;33(26):6201–10.
175. Ni D, Ehlerding EB, Cai W. Multimodality Imaging Agents with PET as
the Fundamental Pillar. Angew Chem Int Ed Engl. 2019;58(9):2570–9.
176. Phillips E, Penate-Medina O, Zanzonico PB, Carvajal RD, Mohan P, Ye Y,
et al. Clinical translation of an ultrasmall inorganic optical-PET imaging
nanoparticle probe. Sci Transl Med. 2014;6(260):260ra149.
177. Long X, Zhang J, Zhang D, Gao C, Chi C, Yang E, et al. Microsurgery
guided by sequential preoperative lymphography using 68Ga-NEB PET
and MRI in patients with lower-limb lymphedema. Eur J Nucl Med Mol
Imaging. 2017;44(9):1501–10.
178. Zhu G, Lynn GM, Jacobson O, Chen K, Liu Y, Zhang H, et al. Albumin/
vaccine nanocomplexes that assemble in vivo for combination cancer
immunotherapy. Nat Commun. 2017;8(1):1954.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

