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HIGHLIGHTS

® The physiological structure and the drug delivery barriers of lymph nodes were described.
® The factors affecting lymph nodes accumulation in nano-delivery systems were discussed.

® The recent progress of nano-delivery carriers applied for lymph nodes immunotherapy was further categorized and reviewed.
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activation and proliferation of immune cells, which leads to unsatisfactory

anti-tumor effects. The efficient nano-delivery system to LNs is an effective strategy to maximize the efficacy of immune drugs. Nano-
delivery systems have shown beneficial in improving biodistribution and enhancing accumulation in lymphoid tissues, exhibiting powerful
and promising prospects for achieving effective delivery to LNs. Herein, the physiological structure and the delivery barriers of LNs were
summarized and the factors affecting LNs accumulation were discussed thoroughly. Moreover, developments in nano-delivery systems

were reviewed and the transformation prospects of LNs targeting nanocarriers were summarized and discussed.
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1 Introduction

Immunotherapy has shown great promise in clinical tumor
treatment [1], which could enhance the anti-tumor immune
response by increasing the immunogenicity of tumor cells
and the sensitivity to immune cells or combining the com-
ponents of the immune system to inhibit tumor growth [2,
3]. Currently, immunotherapy mainly includes tumor vac-
cines, immune checkpoint inhibitors, and chimeric antigen
receptor (CAR) T-cell therapy [4, 5], which shows great
clinical effects. The first therapeutic vaccine for prostate
cancer was approved by the Food and Drug Administra-
tion (FDA) in 2010, followed by the CTLA-4 antibody
(Ipilimumab) and PD-1 antibody (Nivolumab) in 2011 and
2014, respectively [6], then the CAR-T cell therapy Kym-
riah and Yescarta were approved by the FDA in 2017 [7].
Now immunotherapy has become the mainstay of tumor
treatment. Although immunotherapy has made a great
breakthrough in tumor therapy, the low response rate and
the immune-related side effects have limited its application
in the clinic [8, 9].

Effective immune cell activation requires the precise
delivery of immune functional compounds to the target
immune cells. However, immune cells are not uniformly
distributed throughout the body and are mainly located in
the secondary lymphoid organs such as the spleen and LNs
[10]. Secondary lymphoid organs play an important role in
establishing and regulating the immune response, which is
crucial for tumor development and immunotherapy. LNs
are the critical station for the collection of tumor antigens
and the priming of the immune response. Specifically,
the antigen-presenting cells (APCs) could recognize and
present tumor antigens from the surrounding tissues and
then deliver them to the LNs. Besides, for the free anti-
gens, the complement or antibodies could combine with
them and then enter the LNs through the lymphatic fluid
[11]. Subsequently, immune cells within LNs will recog-
nize the antigen and activate the antigen-specific T cells
to initiate adaptive immunity. Then tumor antigen-specific
cytotoxic T cells (CTLs) are produced and transported to
the tumor site for killing action [12]. A growing number
of researches suggest that LNs may be a key therapeutic
target for emerging tumor immunotherapy and the LNs-
targeting delivery system is a key means to modulate the
immune response to promote immune cell activity.

© The authors

Nano-delivery systems offer the possibility of effective
LNs delivery [13]. Nanomedicines have gradually become
a new favorite in the pharmaceutical field, influencing the
original drug development paradigm. It is expected that
the nanomedicine market may reach $350.8 billion by
2025 [14]. Nano-delivery systems have highly controllable
physicochemical properties that could increase the molec-
ular weight of the delivered drug, improve the undesirable
properties of the delivered drug, enhance its permeability,
and improve its tissue distribution and in vivo metabolism
[15-17]. In addition, targeted drug distribution could be
achieved through flexible surface modifications, such as
the use of APCs targeting ligands in peripheral tissues
to facilitate their transport to lymphoid tissues, which
could increase the locally high accumulation of the drug
in the LNs [18] for improving the anti-tumor effects and
reducing the toxic side effects. Hence, the nano-delivery
system shows beneficial dynamic interactions with lym-
phoid organs and promising applications for efficient LNs
delivery.

Based on the critical role of LNs in the anti-tumor
immunotherapy, the physiological structure and the deliv-
ery barriers of the nanodrug delivery system are summa-
rized and the innovative applications of the nano-delivery
system in LNs are reviewed and discussed, indicating the
direction of optimization and breakthrough for LNs immu-
notherapy delivery system.

2 Structure of LNs

The lymphatic system plays an important role in maintain-
ing humoral homeostasis and regulating adaptive immune
responses [19]. Primary lymphoid organs, such as the thy-
mus and bone marrow, are sites where hematopoietic stem
cells proliferate and differentiate into prolymphocytes.
Then, lymphocytes are transported to secondary lymphoid
organs by L- selectin binding to peripheral lymph node
vascular addressin (PNAd) [20, 21]. Secondary lymphatic
organs include the spleen, LNs, peyer’s patches (PPs), ton-
sils, etc., which are the sites for the settlement and pro-
liferation of various immune cells as well as important
parts of the immune response [22]. LNs are widely dis-
tributed in the body and mainly include cervical, axillary,
mesenteric, inguinal, and popliteal lymph nodes (PLNs)
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[23]. Understanding the physiological structure of LNs
and clarifying the barriers of the nano-delivery system is
the precondition for designing efficient and rational nano-
delivery systems (Fig. 1).

LNs are the “home base” of immune cells (APCs, T
cells and B cells, and so on) [24, 25], which are wrapped
by a thin fibrous capsule and could recognize the antigen
signal through the afferent lymphatics [26]. Under the cap-
sule, there are barrier cells such as macrophages and others
constructed in the subcapsular sinus (SCS) [27]. Studies
have shown that depleting SCS macrophages allows more
nanoparticles to access LNs [28]. Beneath the SCS is the
cortex, which contains narrow conduits of 3—5 nm in diam-
eter [29]. For free antigens, molecular weight is a critical
factor to determine their passage through the SCS. Large
molecules (>70 kDa) are confined outside the LNs con-
duits and cortex by the SCS [18, 30], so they are required
APCs, such as dendritic cells (DCs), macrophages and
migrating B cells, to transport into the interior of the LNs.
Small molecules (<70 kDa or 2—-5 nm) could directly enter
the conduits. In contrast, APCs that recognize antigens in
peripheral tissues and migrate into LNs exhibit other mech-
anisms, which are mainly dependent on the concentration
gradient of chemokines [31, 32]. Upon antigen stimulation,
APCs become highly expressed on the surface of chemokine
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ligands CC-chemokine ligand 7 (CCR7), which penetrates
deeply into the lymphatic vessels under the highly expressed
chemokine ligands CC-chemokine ligand 21 (CCL21) [33,
34]. The lymphatic endothelial cells specifically express
atypical chemokine receptor 4 (ACKR4), which is capa-
ble of scavenging CCL21, thus creating a local gradient of
CCL21, so that APCs can penetrate deeper into LNs under
the chemotactic effect of CCL21 [12, 35].

Inside the LNs are mainly divided into the cortical area
and the medulla area, with the capsule connective tissue
extending towards the parenchyma to form trabeculae [36].
Cortical areas can be structurally divided into the cortex and
paracortex [37]. The cortex is the main area where B cells
settle and contain spherical follicles [20, 37]. The primary
follicles are not stimulated by antigens and have no germinal
centers in the spherical follicles [18]. After antigen stimula-
tion, follicular dendritic cells (FDCs) can capture antigens
for cross-linking B cells for antigen delivery. Then, these
B cells proliferate in lymphoid follicles and form germi-
nal centers, called secondary follicles. After proliferation,
some of the B cells become plasma cells and could leave the
germinal centers [25, 27]. Paracortex is located below the
follicle and above the medulla, which is mainly the site of T
cells settlement and scattered with DCs and macrophages.
Migrating conventional type 1 dendritic cells (cDCls) and
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conventional type 2 dendritic cells (cDC2s) could carry most
of the antigens into the draining LN, transfer the antigen
via vesicles to resident DCs, thus initiating T-cell based
immunity [32]. In addition, many postcapillary microv-
enules composed of endothelial cells, also known as high
endothelial venules (HEVs), are present in the paracortex.
HEVs are discontinuously distributed and allow the passage
of lymphocytes, serving as a gate for B and T cells enter-
ing the LNs from the blood. It is an important pathway to
communicate between the blood and lymphatic circulation
[27, 36]. Medulla consists mainly of the medullary cords,
medullary sinus, and numerous lymphatic vessels. The med-
ullary cords are dense aggregates of lymphocytes, mainly
B cells and plasma cells, but also contain some T cells and
macrophages. The medullary sinus is rich in macrophages,
which have a strong ability to capture and remove pathogens
[37, 38].

In conclusion, the physiological structure of LNs provides
three barriers to the targeted delivery of nano-delivery car-
riers. Firstly, the internal diameter of the lymphatic vessels
allows only appropriately sized particles to pass through,
and the negative charge and deformability of nanoparticles
facilitate migration in the lymphatic vessels. Second, mac-
rophages in SCS clear larger sized particles from the lymph
fluid, which can be avoided by PEG modification. Or larger
particles can be presented by DCs, so the active targeting
to APCs can promote the nanoparticles into LNs. Third,
the very small internal diameter of the conduits presents a
challenge in reaching the T and B cells regions of the LNs.
Therefore, nanoparticles need to have appropriate properties
for successful accumulation in LNs.

3 Administration Routes towards LNs

The exchange of information and substances between LNs
and other tissues relies on the blood and lymphatic systems
by afferent lymphatics, efferent lymphatics, and abundant
HEVs [27]. So effective LNs delivery could be achieved by
intranodal injection, oral administration, intravenous admin-
istration, and interstitial administration.

Intranodal injection is undoubtedly one of the most
effective ways to achieve effective LNs accumulation, espe-
cially for delivering particles with limited mobility in the
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extracellular matrix [23]. Intranodal injection has been
applied in the LNs-targeted delivery, because it can achieve
better accumulation in the LNs and elicit strong immune
responses at low doses [24]. However, LNs are cryptic and
structurally fragile [39], which greatly limits their applica-
tion in the clinic because of the difficult intranodal injec-
tion technology. Currently, intranodal injection needs to
be performed in conjunction with surgery, ultrasound, or
non-toxic tracer dyes, which provides a potential risk for the
precise delivery of LNs [40, 41]. In addition, LNs are very
tiny tissues with limited dose accommodation for adminis-
tration, which imposes stringent requirements on the dose
and volume to be delivered [42]. Therefore, intranodal injec-
tion is not an ideal route of drug administration in practice.
However, many LNs-targeted vaccines use intranodal injec-
tion because it can avoid the loss of vaccine antigen during
delivery [43-45]. For example, JEWELL C M et al. [46]
combined intranodal injection vaccination with controlled
release biomaterials for adjuvant delivery, and finally suc-
ceeded in promoting sustained activation of DCs and ampli-
fying humoral responses.

The capillary wall and the capillary lymphatic wall are
the barriers that must be overcame for intravenous adminis-
tration. Theoretically, the nano-delivery system is not con-
ducive to LNs targeting, because intravenous drugs need
to penetrate tissue space through capillaries to be absorbed
through lymphatic vessels. On the one hand, the presence
of the mononuclear phagocyte system (MPS) recognizes
nanoparticles as “foreign bodies”, which leads to non-
specific clearance from the blood stream [19]. Adjusting
the size and charge of nanoparticles and other properties
can enhance nanoparticle circulation [47, 48]. On the other
hand, nanoparticles need to extravasate out of the blood ves-
sel endothelium, and diffuse past the extracellular matrix
(ECM) in the interstitium. This process can be hindered by
vascular endothelial tight junctions and the collagen matrix
in the extracellular matrix [49, 50]. Because of the relatively
low efficiency of LNs delivery by intravenous administra-
tion [51], the use of intravenous administration is currently
limited. Intravenous administration mainly focuses on the
diagnosis or treatment of tumor LNs metastasis [51, 52].
For example, Xia [53] et al. demonstrated the intravenous
mode of indocyanine green (ICG) administration has a
higher diagnostic value for localization of metastatic LNs
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Nano-Micro Lett. (2023) 15:145

Page 5of35 145

than peritumoral injection in clinical samples of head and
neck squamous cell carcinoma (HNSCC).

Oral administration is the most widely used in the clinic.
Because the blood flow velocity of mesenteric vessels is
300-1000 times higher than that of lymphatic fluid, com-
bined with the complex physiological environment and
physiological barrier of the intestine, it is difficult to achieve
lymphatic accumulation of drugs with oral low molecular
weight drug solutions [54, 55]. Combining drugs with nan-
odrug delivery carriers is an effective strategy to achieve
oral LNs delivery. M cells in Peper’s LNs presented in the
intestine can capture particles such as pathogens from the
intestinal lumen and transport them to the pocket on the
other side of the M cells for APCs residing there to take
over [54, 56]. Therefore, the construction of nano-delivery
systems targeting M cells is a promising delivery strategy
for LNs [57]. For nanoparticles, intestinal uptake depends
largely on the physicochemical properties of the particles
[58]. In general, particles of nanometer to low micron size
may be more efficiently absorbed by M cells or epithelial
cells. However, it is not clear whether oral nanoparticles
can be absorbed through the intestinal lymphatic system and
reach the therapeutic load. The researchers thought that the
bioavailability of nanoparticles varies greatly under differ-
ent conditions [54]. In addition, lipophilic drugs can bind to
lipoproteins, the size of which makes crossing the vascular
endothelium restricted, leading to the preferential entry of
drug-lipoprotein complexes into the intestinal lymphatic
system [59]. The process can be facilitated by modified pre-
drugs with an affinity for lipoproteins, co-administered with
lipid-derived foods or preparations [55]. At present, the oral
cancer vaccine is a hot research direction. Recombinant or
attenuated strains of various bacteria are often used as car-
riers for oral vaccines because they can deliver antigens into
the gut-associated lymphoid tissue [57]. Hu et al. [60] took
advantage of the ability of oral Salmonella to colonize intes-
tinal associated lymphoid tissues via Peyer’s patches. They
coated polymer nanoparticles containing DNA on attenu-
ated Salmonella carriers. Experiments demonstrated that
this oral DNA vaccine had efficient phagosome escape and
enhanced acid resistance. However, it has also been shown
that lymphatic uptake of orally delivered nanoparticles is
minimal [18].

Interstitial administration is a local delivery method that
includes intramuscular, subcutaneous, intradermal, or intra-
tumoral tissue interstitial administration [61]. Interstitial

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

administration is the main mode of administration routes
towards LNs currently. After interstitial administration, the
choice of nanoparticles to be transported through capillar-
ies or capillary lymphatics depends on the nature of the
nanoparticles. For example, nanoparticles of a few microns
mostly enter the capillaries. Nanoparticles in 10-100 nm can
enter the LNs through the capillary lymphatics. For nanopar-
ticles larger than 100 nm, they are trapped in the interstitium
and processed by DCs to reach the LNs [18, 26]. In the case
of interstitial administration of lymphatic-targeted vaccines,
antigens are captured by APCs in peripheral tissues, and
cross the lymphatic endothelium from the interstitium into
the interstitial fluid and migrate to LNs in the presence of
chemokines [24]. Interstitial fluid pressure and flow are also
factors affecting lymphatic transport, and co-administration
with substances that can increase interstitial pressure is
expected to promote lymphatic uptake [54, 62, 63]. In addi-
tion, the return of albumin from the interstitial fluid to the
circulation through the lymphatics, in response to "albumin
hitchhiking", an endogenous protein for targeted transport,
is a promising strategy [64].

In summary, the most promising administration route
towards LN is interstitial administration at present. This
is consistent with the administration route of LNs targeted
nano-delivery systems in recent years.

4 Nanosystem Properties and Delivery of LNs
4.1 Particle Size

LNs act as a molecular sieve for nanoparticles of vari-
ous sizes. The particle size is a key factor in determin-
ing whether nanoparticles could cross different barriers
to enter LNs [42] (Fig. 2a). Small molecules (<20 KD)
or nanoparticles (< 10 nm) can easily enter the capillaries
and be rapidly cleared after injection [65, 66]. Although
sufficiently small particle size ensures access to capillary
lymphatics, the flow velocity of capillaries is 100-500
times higher than that of capillary lymphatics [29], which
results in the majority of nanoparticles being cleared in
capillaries and few nanoparticles can enter LNs through
capillary lymphatics [67]. Large molecules (> 20 kDa) or
nanoparticles (10—-100 nm) can passively diffuse through
the interendothelial junctions into the lymphatic vessel. It
has been shown that the optimal particle size range that

@ Springer
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Fig. 2 Factors affecting LNs accumulation of nanoparticles. a Schematic representation of the entry of particles of different particle sizes into
the LNs [42]. Copyright 2017 Elsevier. b CLSM images of LNs treated with LNPs with positive and negative charges. LNPs with negative
charges infiltrated into the inner area of the LNs [68]. Copyright 2020 American Chem. Society. ¢ Schematic illustration of the deformable strat-
egy of lymph-node transfer [83]. Copyright 2021 John Wiley and Sons. d The percentages (left) and MFI (right) of fluorescein-labeled naked-,
mono-mannosylated- (MN), and tri-mannosylated (triMN) LPR formulations incubated with DC 2.4 cells. The triMN-LPR were significantly
better associated with DC 2.4 cells than MN-LPR [93]. Copyright 2018 Elsevier. e Schematic illustration of nanocomplex-decorated microbub-

bles targeting CD11b on APCs [94]. Copyright 2022 Springer Nature

can be directly transported to LNs based on size effects
is 20-50 nm [68—70], which is the basis for the design of
targeted nano-delivery systems for LNs. Xiang Yu et al.
[71] with the help of the property of suitable size, pre-
pared a lipid nanoparticle a-Melittin-NPs encapsulated
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with bee venom peptides. Transmission electron micros-
copy showed that a-Melittin-NPs are spherical nanopar-
ticles with a size of below 30 nm, which can be effec-
tively diverted to capillary lymphatic vessels and LN,
thus providing Melittin works. However, nanoparticles are

https://doi.org/10.1007/s40820-023-01125-2
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subsequently restricted to not deep into the LNs because
the conduits only allow the entry of small molecules with
molecular weights less than 70 kDa or very small particles
(2-5 nm) [61, 72]. Therefore, the delivery of goods carried
by nanoparticles and retention of T cells, B cells, and other
sub-regions in the LNs to enhance humoral immunity is
also a research direction worthy of attention.

With the increase in particle size, the efficiency of nano-
particles entering lymphatic vessels decreases. Nanoparti-
cles with a particle size greater than 100 nm are more likely
to be trapped in the interstitium, requiring APCs uptake
from the interstitium and then entering the LNs [72, 73].
In one experiment, 500 nm fluoresces-labeled nanoparti-
cles were injected into mice with DCs depletion, and no
fluorescence was detected in PLNs 48 h later, while fluo-
rescence was detected in the PLNs of mice without DCs
depletion, indicating that large particles were transported
to LNs in a DCs dependent way [73]. In another experi-
ment, the team of Wang [74] fabricated different sizes of
nano-formulations (500, 200 and 50 nm) derived from the
yeast cell wall (YCW NPs). Their experiments showed that
although all three sizes of YCW NPs could migrate to tumor
draining lymph nodes (TDLNS), the accumulation efficiency
of YCW NPs on TDLNs was negatively correlated with the
size of YCW NPs.

4.2 Charge

The charge can significantly affect the uptake of nanopar-
ticles by APCs. Due to the natural negative charge of the
cell membrane, positively charged nanoparticles would
exhibit better uptake on APCs compared to the neutral and
negatively charged nanoparticles [70, 75]. For example,
Zeng et al. [76] exploited the interaction of opposite sur-
face charges to deliver antigenic peptides using positively
charged micellar PSA, which significantly improved the
uptake of DCs. Although positively charged nanoparticles
could significantly enhance the uptake of the APCs, they
are more likely to be trapped in the interstitial extracellular
matrix composed of collagen fibers and hyaluronic acid
after interstitial injection [42], which prevented efficient
lymphatic vascular delivery and reduced the accumula-
tion of LNs [77]. In contrast, negatively charged nano-
particles are beneficial to the stealth of immune cells, and
are more likely to achieve LNs accumulation through
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lymphatic vessels [66]. For the LNs accumulation, nega-
tively charged nanoparticles exhibit better accumulation
compared to neutral and positively charged nanoparticles
[78]. Nakamura et al. [68] prepared neutral, positively, and
negatively charged 30 nm liposomes using microfluidic
mixing, respectively. The results showed that negatively
charged liposomes had the best LNs delivery and were
able to penetrate deeper into the inner regions of LNs
internalized by DCs most efficiently compared to other
charged liposomes (Fig. 2b). In addition, polyethylene
glycol (PEG)-modified nanoparticles help to evade mac-
rophage uptake [42, 79]. PEG-functionalized nanoparticles
evade rapid clearance by macrophages by reducing protein
adsorption, and polyglycerol (PG) has a stronger ability to
avoid protein corona formation than PEG [80]. Another
study showed that denser PEGylation favors vehicle deliv-
ery to LNs [81].

4.3 Deformability

Immune cells such as APCs can cross the endothelial gap
(100 nm) despite their large size, mainly due to the soft
deformability of their surface [82]. Mimicking the deform-
ability of APCs cells to construct deformable nanoparticles
may be helpful to facilitate LNs transport [65]. Based on
this, researchers further investigated the effect of the deform-
ability of nanoparticles on the LNs distribution. Song et al.
[83] constructed an albumin-stabilized emulsion and dem-
onstrated that the softness and adaptive deformability would
be helpful for better LNs accumulation compared to solid
particles (Fig. 2c). Moreover, deformability also affects the
efficiency of uptake and internalization of cells, even going
through different internalization pathways to regulate uptake
[84]. In the uptake of nanoparticles by APCs, the uptake
of soft nanoparticles was lower than that of hard nanopar-
ticles, possibly due to the short contact time between soft
nanoparticles and APCs. A study showed that stiffer discoi-
dal polymeric nanoconstructs (DPNs) exhibited a threefold
greater macrophage internalization than soft particles [85].
Therefore, consideration of deformability in the design of
nanosystems is a powerful means to overcome the different
size barriers in the delivery of LNs.

Different shapes of nanoparticles also affect the accu-
mulation of LNs. Mueller et al. [86] prepared conventional
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spherical and rod-shaped PRINT hydrogel particles with
both sizes less than 100 nm. The experiments showed that
rod-shaped nanoparticles could be trafficked more to PLNs
and showed time-dependent accumulation within 48 h,
while spherical nanoparticles mostly stayed at the injec-
tion site. Therefore, changing the shape of nanoparticles is
also a strategy to improve the distribution of nanoparticles.

4.4 Active Targeting

The reason why LNs are a key target for tumor vaccination is
that the evaluation of vaccine efficacy depends on its ability
to enhance adaptive immunity. It is particularly important
that the APCs internalized by the vaccine migrate rapidly to
reach the LN’ and activate various immune cells in the LNs.
In this process, the efficiency of vaccine antigen transloca-
tion to the interior of APCs is the main rate-limiting step
[87]. Therefore, the modification of ligands on nanocarriers
to target APCs is a means to promote the immune activation
ability of LN targeted to vaccines. Using DEC-205, Clec9A
[88], mannose receptor (MR) [89], DC-SIGN [90], Dectin-1
[91], and Siglec-H [92] receptors, etc. expressed on the sur-
face of APCs and selecting the corresponding ligands for
modification is a powerful means to achieve precise APCs
targeting and LNs delivery. LE Moignic et al. [93] used
an attractive Lipid-Polymer-RNA lipopolyplexes delivery
system (LPR) with a-D-mannopyranoside to achieve accu-
rate delivery of mRNA to DCs. Naked, monomannosylated
(MN), and tri-mannosylated (triMN) LPR was tested for its
ability to bind to DCs. The fluorescence intensity of triMN-
LPR was threefold and sevenfold higher than that of MN-
LPR and naked LPR, respectively. (Fig. 2d).

Besides, targeted delivery of APCs can be achieved using
antibodies such as CD11b and CD11c. For example, Li et al.
[94] developed microbubbles modified with CD11b anti-
bodies and delivered 2'3'-cyclic guanosine monophosphate-
adenosine monophosphate (cGAMP) loaded by microbub-
bles into the cytoplasm of APCs by ultrasound (Fig. 2e). It
led to the activation of the cGAS-STING pathway, thereby
enhancing the immune response. Extensive lymphoid tis-
sue remodeling often occurs in tumors, and abnormal
chemokines become beneficial micro-environmental fea-
tures of LN delivery [33, 95], which can also guide the tar-
geted distribution of nanoparticles. Balachandran et al. [96]
designed an integrated microfluidic chip to construct ZIF-8
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MOFs, while its surface was modified with anti-CCL21
DNA aptamer modifications, which enabled a significant
enhancement of LNs accumulation.

In addition to LNs targeting by actively targeting APCs,
there are also cases of targeting internal structures of LNs to
facilitate infiltration. For example, tannic acid (TA), which is
abundant in LN conduits, exhibits a high affinity for elastin
fibers. Liu et al. [97] prepared TA-modified nanoparticles to
directly mediate nanovaccine into the LNs conduits through
the lymph node epidermal cells (LECs) gap. Experiments
show that TA leads to the deep and long-term retention of
antigens and adjuvant in LNs. Furthermore, PNAd mediates
lymphocyte recruitment as described above, and PNAd is
highly expressed in HEVs in LNs. There have been studies
of LN targeting generated by monoclonal antibodies against
PNAs [98]. More interestingly, it is also a strategy to create
targets in LNs in advance and reuse them to achieve LNs
targeting of nanocarriers [99].

Active transport also can have an impact on LNs reflux.
For example, albumin can bind target molecules to lymphat-
ics and draining lymph nodes [100]. Similarly, the lymphatic
homing action of lymphocytes can be used to shuttle nano-
particles to LNs [101]. In oral administration, highly lipo-
philic carriers can bind to lymph lipoproteins in the entero-
cyte and thus target the intestinal lymphatics [55].

As mentioned earlier, particle size, charge, deformability
and active targeting are the preconditions for the design of
LNs targeted nano-delivery carriers. The effects of various
factors should be considered comprehensively when design-
ing the delivery carriers of LNs.

S Application of Nano-Delivery Systems
in LNs

Nano-delivery systems have shown outstanding advantages
in the delivery of LNs. Different nanocarriers have unique
properties and functions that enable the effective accumu-
lation and immunomodulation of LNs. Here, we summa-
rize eight nano-delivery systems, which each have different
advantages in promoting delivery to LNs (Fig. 3).

5.1 Injectable Hydrogel

Hydrogel is a 3D polymer network containing a large
amount of water. It has been widely used in biomedicine

https://doi.org/10.1007/s40820-023-01125-2
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due to its easy-to-regulate pore size, easy-to-modify sur-
face, and good biocompatibility [120-122]. Hydrogels
have long-term retention properties after injection [121],
providing superior delivery platforms for the continuous
release of immune functional compounds in vivo. Accu-
mulated studies have prepared hydrogel-based vaccines
by loading adjuvants and antigens together in hydrogels,
so that the antigens can stimulate the immune response

SHANGHAI JIAO TONG UNIVERSITY PRESS

in vivo for a long time. Although hydrogel vaccine may
not directly involve LNs targeting, the hydrogel could
recruit and activate the APCs to promote the APCs
migration, thus increasing the accumulation of vaccine
components being diverted to LNs [26]. This ability to
facilitate sustained vaccine delivery and LNs localiza-
tion has been studied by researchers. Wang et al. [123]
found that compared with vaccines based on single and
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multiple injections, using hydrogel as the vaccine reposi-
tory extended the retention window of the injection-site
vaccine, accompanied by rapid and sustained recruitment
of APCs. Abundant vaccine accumulation was shown in
the whole paracortex of the LNs, especially in the T cell
area, showing the best antitumor efficacy. Song et al. [124]
designed a 3D porous hydrogel assembled from synthetic
PEGylated polypeptide copolymers loaded with antigen
and TLR3 agonists. It can effectively promote DCs mat-
uration, improve antigen retention and promote antigen
drainage to LNs through "long-lasting effect".

Replacement of specific antigens with other substances,
such as certain chemotherapeutic agents (anthracyclines,
mitoxantrone, oxaliplatin, paclitaxel, cyclophosphamide,
bortezomib), photosensitizers in photothermal and photo-
dynamic therapy or radiotherapy sensitizers for radiother-
apy, can induce immunogenic cell death (ICD). The occur-
rence of ICD in tumor cells can release damage-associated
molecular patterns (DAMPs) and tumor antigens, which
produce individual-specific maturation of APCs and initia-
tion of immune responses. For example, Ding et al. [125]
designed a tumor microenvironment and near-infrared light
(NIR) -responsive hydrogel using alginate. The accumu-
lated ROS and OH™ of PDT under NIR irradiation ampli-
fied the ICD effect and disrupted the ROS response junction
to achieve the on-demand release of drugs, which signifi-
cantly promoted the maturity of DCs in the tumor drain-
age LNs (Fig. 4a). In addition, chemokines recruiting APCs
were co-loaded into the hydrogel on the basis of antigen
encapsulated adjuvants, such as GM-CSF [126], and CCL21
[127]. Chemokines can promote the enrichment of APCs
and significantly enhance the antigen presentation effect of
APCs and the efficacy of immunotherapy.

Hydrogels come in a variety of compositions, such as
peptides, DNA, polymers, and certain inorganic materials
(Table 1). The special fibrous structure of peptide hydro-
gel scaffolds can mimic the extracellular matrix for 3D cell
culture, which supports the delivery of viable exogenous
APCs. For example, Yang et al. [102] used peptides to build
hydrogel to load anti-PD-1 antibody and antigen (Fig. 4b).
LNs were recovered after subcutaneous injection and dem-
onstrated that the peptide hydrogel cell carrier increased the
migration of exogenous DCs to LNs and recruited a large
number of autologous DCs to promote T-cell immunity. The
direct use of DNA molecules to build hydrogels has good
biocompatibility, sequence programmability, and tunable

© The authors

versatility. By using X-, T- or Y-shaped DNA structural
units as hydrogel scaffolds, rapid DNA hydrogel prepara-
tion can be achieved, which is an effective means of activat-
ing immunity. Shao et al. [128] developed a DNA hydrogel
(DSHV), consisting of a Y-type scaffold and a linker con-
taining a CpG sequence. It was able to effectively activate
APCs and induce a strong immune response after loading
antigens (Fig. 4c). The construction of biocompatible hydro-
gels based on polymeric materials is the most common type
of gels at present, and gelatin, F127, chitosan, sodium algi-
nate, and hyaluronic acid have been widely used to construct
hydrogels to enhance immune therapeutic efficacy. A study
combined sodium alginate (ALG), ATP-specific aptamers
(Aapt, DNA sequences that bind specifically to ATP and
form tertiary structures), and CpG oligonucleotides (CpG
ODNs, extended strands complementary to Aapt) into a
smart hydrogel. It showed ATP-triggered CpG release from
radiotherapy, which significantly enhanced APCs activa-
tion compare with the ability of radiotherapy alone [129].
In addition, the use of rigid inorganic materials to build
hydrogel scaffolds is an emerging approach. For example,
injectable vaccines formed by coupling mesoporous silica
microrods (MSRs) with mesoporous silica nanoparticles
(MSNs) can form three-dimensional macroporous scaffolds
after injection. Scaffolds recruited DCs into the scaffold to
achieve effective maturation under the co-stimulation of
antigen and adjuvant [130].

At present, injectable hydrogels show wide application
prospects in tumor immunotherapy. Researchers continue to
combine hydrogel-based immunotherapy with other therapy,
and develop hydrogels with functional diversity to improve
treatment outcomes.

5.2 Lipid-Based Nanocarriers

Lipid nanoparticles (LNPs) have been occupying an impor-
tant position in the field of drug delivery, which exhibit
advantages such as the simple structure, ease of modifica-
tion, high bioavailability, biodegradability, low toxicity and
safety [141]. Lymphatic vessels are channels for transport-
ing lipophilic substances [142], and the lipophilic nature of
liposomes makes them susceptible to phagocytosis by mac-
rophages of the reticuloendothelial system, thus achieving
natural enrichment of LNs sites [143]. Therefore, lipid-based

https://doi.org/10.1007/s40820-023-01125-2



Nano-Micro Lett. (2023) 15:145

Page 11 of 35

145

(a)

@ HmeB1
==y CRT N

w ATP

Immunogenic = N
C

cell death Immature D

(b)

Self-assembly in
water

RADA16 peptide () Antigen
__ Anti-PD-1 antibody

(c)

I\ Y-scaffold Linker (CpG) Antigen P1 Cytokines Antibody APCs T cell B cell

Nanofibrous hydrogel

Inhibition of
lung metastasis

Activation
of T cells

Inhibition of
liver metastasis

Fig. 4 a Prodrug hydrogel-mediated PDT/CDT/immunotherapy to treat primary and distant tumors and prevent metastasis [125]. Copyright
2022 Elsevier. b Schematic diagram of the structure of peptide hydrogel [102]. Copyright 2018 American Chemical Society. ¢ Schematic illus-
tration of the recruitment and activation of host APCs by DNA hydrogel [128]. Copyright 2018 American Chemical Society

nanocarriers are a class of drug carriers of interest in lym-
phatic-targeted drug delivery systems.

The lymphatic targeting and retention ability of liposomes
or LNPs can be further optimized by special design. In

.] SHANGHAI JIAO TONG UNIVERSITY PRESS

addition to improving physical properties such as size and
charge as described above, enhancing the targeting ability
by changing the formulation of liposomes is a promising
strategy to achieve LNs accumulation. The team of Xu [144]
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Table 1 Summary of injectable hydrogels for LNs immunotherapy

Type of injectable hydrogel Carrier material Loading drug Type of cancer References
Peptide hydrogel Epitope-peptide conjugate OVA epitope E.G7-OVA tumor model [131]
Peptide hydrogel OVA epitope SIINFEKL OVA epitope SIINFEKL / [132]
Peptide hydrogel PEG-b-poly(L-alanine) Tumor cell lysates, GM-CSF,  B16 tumor model [133]
anti-CTLA-4/PD-1 antibody
DNA hydrogel Poly CpG DNA Poly CpG DNA, c-di-GMP, CT26 colon tumor model [134]
and melanin
DNA hydrogel CpG DNA Ethylenediamine-conjugated EG7-OVA tumor model [135]
OVA
Polymeric hydrogel Polymers gelatin and Plu- S-nitrosoglutathione and B16F10-OVA tumor model [136]
ronic® F127 antagonizing CTLA-4 mAb and 4T1 tumor model
Polymeric hydrogel Oligo (ethylene glycol) meth- ~ OVA and R837 B16-OVA tumor model [103]
acrylate (OEGMA)
Polymeric hydrogel HA-PCLA GM-CSF, pOVA polyplex B16F10-OVA Lung Metastasis [137]
tumor model
Polymeric hydrogel PDLLA-PEG-PDLLA ICG, R848, and CpG ODN 4T1-Luc tumor model [138]
Inorganic nanocomposite Alginate and graphene oxide OVA, GM-CSF, and CpG B16-OVA tumor mode [139]
hydrogel
Inorganic nanocomposite Graphene oxide and poly- OVA-mRNA and R848 B16-OVA tumor model [140]

hydrogel ethylenimine

suggested that changing the head chemistry of liposomes
can affect their delivery and targeting. In their latest study,
113-0O12B lipid molecules were screened out from the struc-
ture library, which can target LNs and liver respectively in
a ratio of 3:1 (Fig. 5a). The team demonstrated that these
113-012B endogenous liposomes can deliver more mRNA
to APCs compared to the lipid molecule ALC-0315 used in
the Pfizer/BioNTech mRNA vaccine. Furthermore, studies
have shown that lymphatic vessels have a higher clearance
rate of liposomes containing phosphatidylserine (PS), which
may lead to preferential uptake by macrophages [142, 145].
According to this view, the team of Luozhong [146] com-
bined a bionic strategy to introduce PS into the formulation
of LNPs to deliver mRNA. PS binds to cell surface scaven-
ger receptors and acts as a "eat me" signal to phagocytes to
increase their endocytic activity, leading to effective pro-
tein expression in LNs and spleens. More interestingly, Li
et al. [147] proposed menthol liposomes (Men-nanoLips) for
increasing the accumulation of LNs in DC vaccines using
the permeability-enhancing properties of the traditional
Chinese medicine menthol. They also disclosed the immu-
nological mechanism of menthol enhanced LN targeting.
Recent studies have revealed a close relationship
between cholesterol transport and lymphatic transport [148,
149]. Lim et al. [150] showed that lymphatic transport of

© The authors

cholesterol can not only passively enter the lymphatic ves-
sels into LN, but also can rely on scavenger receptor type
B class I (SR-BI) expressed by lymphatic endothelial cells
to participate in LNs transport. Exploiting the nature of
lymphatic transport of cholesterol to achieve effective LNs
delivery of drugs is an efficient means. Wan et al. [151]
developed a liposome of TLR7 agonist 1V209 and choles-
terol coupling (Fig. 5b). Compared to liposomes loaded
with 1V209, the 1V209-Chol coupled liposomes achieved
7.35-fold and 2.06-fold enhanced accumulation of LNs at
12 and 24 h after administration. Therefore, the design of
LNs delivery nanocarriers with adequate consideration of
the role of cholesterol in enhancing LNs accumulation is an
emerging and effective strategy in recent years.

In the latest research, the strategy to achieve active target-
ing has expanded beyond simple modification with ligands
or antibodies. Rather, this extends to the use of a substance
pre-positioned in vivo with a "specific binder" carried by a
later input nanoparticle to accomplish a simulated "ligand-
receptor” interaction. A more typical pair of affinity com-
plexes are avidin and biotin, Roces et al. [104] prepared a
liposomal vaccine adjuvant based on microfluidic produc-
tion technology. Biotin was distributed on the surface, which
could bind to the pre-injected affinities to form high-affinity
complexes, thus improving the liposome accumulation and

https://doi.org/10.1007/s40820-023-01125-2
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retention capacity in LNs (Fig. 5c). Of course, such "ligand-
receptor” interactions showed great potential for develop-
ment and design specific chemical reactions between the
two substances are introduced. Interestingly, Qin et al. [99]

SHANGHAI JIAO TONG UNIVERSITY PRESS

innovatively used click chemistry between azide and diben-
zocyclooctyne (DBCO) moieties. First, their group injected
a polymer containing azide, 24 h later, liposomes cocarrying
DBCO modified antigen and adjuvant were injected. DBCO
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could react with the azide group, resulting in the accumula-
tion of antigen and adjuvant in LNs.

The phospholipid bilayer structure of liposomes is similar
to the cell membrane composition. The fusion itself is the
process by which the drug carried by the liposome enters the
cell [152, 153]. This allows liposomes to fuse easily with the
plasma membrane of other cells to form bionic liposomes,
thus naturally inheriting the unique functions from other
biological membranes. iPSC@RBC-Mlipo, an erythrocyte
membrane fusion liposome nanovaccine, was prepared by
Zhai (Fig. 5d) [154]. They argued that damaged erythro-
cytes can achieve splenic targeting because of interception
and retention in flow through the spleen. The experiments
showed that fused liposomes can fully accumulate in the
spleen and has a remarkable ability to promote the recruit-
ment, maturation, and antigen cross-expression of APCs.

In addition, lipid-based nanocarriers used for targeting
LNs also include lipid emulsions, which can improve the
efficiency of LN targeting by improving the softness of the
nanovaccine. MA G’s group [105] is dedicated to the study
of using Pickering emulsions to enhance vaccine response.
In the group’s latest results, the high specific surface area
and soft deformability of Pickering emulsions enhanced the
interaction and uptake with mannose receptors of APCs,
thus allowing the vaccine to be taken into LNs to exert pow-
erful anti-tumor immunity (Fig. 5e).

In summary, lipid-based nanocarriers are widely used in
LNs delivery and are one of the fastest developing carri-
ers. Researchers continue to use novel strategies to expand
the possibility of liposome targeting. At the same time,
liposomes are the most commercially available nanocarriers

Table 2 Summary of polymeric carrier Mater for LNs immunotherapy

in nanomedicine. lipid-based nanocarriers are considered as
the most promising LN delivery systems.

5.3 Polymeric Nanoparticles

Polymeric nanoparticles have excellent drug loading capac-
ity and controlled drug release behavior, and can improve the
targeted distribution of drugs [155]. Polymeric nanoparticles
have structural diversity and their surface can be modified
or engineered accordingly to the desired properties [156].
These properties allow researchers to select ideal materials
and incorporate novel design ideas such as specific degra-
dation, conversion, and response mechanisms to improve
targeting and retention during the delivery of LNs. There-
fore, polymeric nanoparticles can be an attractive option for
targeted drug delivery carriers for LNs (Table 2).

To ensure optimal accumulation of LNs, an equally appro-
priate particle size is necessary to achieve passive target-
ing. However, fixed size NPs cannot achieve both effective
"penetration” and long-term "retention". So Qin’s team
[106] designed a polymeric micelle with size conversion and
azide/alkyne groups on the surface of DSPE-PEG micelles
for click chemistry. Initially, small micelles of about 25 nm
can effectively enter the LNs to treat the metastases of the
tumor. After reaching the primary tumor, a cycloaddition
reaction occurs between the groups on the micelle, result-
ing in the formation of micelle aggregates of about 120 nm
(Fig. 6a). As the exocytosis of nanoparticles is reduced and
the reflux into the blood is minimized, the drug has the best
antitumor effect.

Polymeric carrier material ~Loading drug Type of cancer References
PPS CpG EL4 tumor model [165]
PLGA TLR 7/8 agonists B16F10-OVA tumor model, MB49 tumor model and Renca-GL tumor model  [166]
PLGA Imiquimod B16-OVA tumor model, B16F10-Luc tumor model and CT26 tumor model [107]
PEG-PE MPLA and OVA/E7  TC-1 tumor model [164]
PEG-b-PAsp TRP2 peptide B16F10 tumor model [108]
PLA-PEI CpG and OVA B16-OVA tumor model, MC38 tumor model and E0771 tumor model [158]
DSPE-PEG2000 IR-780 4T1 tumor model [167]
DSPE-PEG PTX 4T1 tumor model and 4T1-luc tumor model [106]
Ct OVA B16F10-OVA tumor model [168]
MPDA R837 B16-OVA tumor model [159]
© The authors https://doi.org/10.1007/s40820-023-01125-2
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Negatively charged nanoparticles exhibited better lym-
phatic accumulation compared to neutral and positively
charged nanoparticles, Nishimoto et al. [157] studied this
phenomenon in more detail. They compared the correla-
tion between three anionic dendritic polymers containing
different terminal groups. This experiment suggested that
the efficiency of LNs targeted drug delivery can also be
improved by controlling the terminal structure of anionic
polymers, and provided an idea for the design of LN tar-
geting polymers. In addition to the selectivity of lymphoid
tissue for nanoparticle charge, electrostatic adsorption due to
the charge provides some convenience for nanoparticle drug
loading. Xu et al. [158] reported a mannanosan-modified
pathogen-like polymeric nanoparticle as a protein vaccine
carrier. And using cationic nanoparticles assembled by poly-
lactic acid-polyethylenimine (PLA-PEI) as the core to attract
antigenic proteins and CpG to the nanoparticle by electro-
static interaction. The mannan modification significantly
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enhanced the LNs drainage ability of the nanovaccine and
promoted the capture of DCs in the LNs.

Polymeric nanoparticles can be used in a wide range of
materials. Special chemical groups on the surface make it
possible for the rational design of functionalization. Through
surface modification, some disadvantages of nanoparticles
can be avoided in the delivery process. For example, one
study conducted by WANG L loaded the TLR-7 agonist
imiquimod (R837) into mesoporous polydopamine (MPDA)
nanoparticles. To ensure smooth lymphatic drainage, poly-
vinylpyrrolidone (PVP) was surfacing coated on the MPDA.
This change in surface properties enhanced the LNs penetra-
tion and retention ability of nanoparticles. And it remained
in the SCS and interfollicular region 24 h after injection,
increasing the chance of DCs meeting T cells [159]. Instead
of improving lymphatic exposure through chemical modi-
fications, biomimetic nanotechnology provides a simple
strategy for nanoparticles to naturally express a variety of
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Fig. 6 a Schematic illustration of DSPE-PEG micelles accumulating in LNs [106]. Copyright 2018 Elsevier. b Ex vivo fluorescence imaging
of excised LNs (left) and percentage of Dil positive areas in the field of LN sections after treatment (right). Nanoscale aAPCs are efficiently
accumulated and retained in LNs [107]. Copyright 2021 American Chemical Society. ¢ Schematic illustration of PEG-b-PAsp-g-PBE/TRP2 as
a nanovaccine delivery system [108]. Copyright 2022 Taylor & Francis Journal. d Schematic representation of PPS NP preparation, conjugation
with OND electrophiles, and Retro-Diels—Alder release of furan-tagged cargo [165]. Copyright 2020 Springer Nature
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markers required for cellular communication. The develop-
ment of metabolic glycoengineering also makes it possible
to introduce other chemical labels to cell membranes. Based
on the development of these two technologies, Xiao et al.
[107] cleverly designed artificial antigen-presenting cells
(aAPCs). Poly (lactate-co-glycolic acid) (PLGA) nanoparti-
cles were coated with DC film modified with CD3e antibody
(aCD3¢) by click-chemical modification. The fluorescence
signal accumulation and retention in the LNs was 7.6 times
higher than that in the control group at 24 h after subcutane-
ous injection (Fig. 6b). The DC membrane retains the natural
proportion of MHC I-Ag and CD28 co-stimulators, directly
enhance anti-tumor immunity.

In addition, the construction of specific environmental
stimulus-responsive polymeric nanoparticles can signifi-
cantly promote the accumulation of LNs for drugs. In our
group [160], novel pH/redox dual-sensitive micelles Trp2/
CpG-NPs were prepared using poly(I-histidine)-poly (ethyl-
ene glycol) (PLH-PEG) as a skeleton, which can effectively
deliver to the LNs due to suitable particle size. At 48 h after
subcutaneous injection, the accumulation efficiency of LNs
was 8.12-fold higher than that of the control group. Wang
et al. [108] constructed TRP2 nanovaccine. The nanovaccine
consisted of a phenylboronic ester (PBE)-grafted diblock
copolymer (PEG-b-PAsp-g-PBE) loaded with TRP2 pep-
tide tumor antigen, where PBE can be selectively degraded
by intracellular ROS triggers (Fig. 6¢). They demonstrated
that the TRP2 nanovaccine was effectively captured by LNs
and increased DCs uptake, relying on increasing negative
charge, ROS response, and pH response. More interestingly,
Karabin et al. [161] used poly (ethylene glycol)-bl-poly (pro-
pylene sulfide) (PEG-bI-PPS), a block copolymer, to make
a self-assembled filomicelle (FM) scaffolds. It can degrade
from cylindrical shapes to spherical monodisperse micelles
with diameters below 40 nm under photo-oxidation or physi-
ological oxidation. Because spherical micelles fall within the
optimal range for lymphatic vessel transport after subcutane-
ous injection, they can efficiently deliver encapsulated drugs
from the interstitial space to lymphatic tissue. Furthermore,
this FM scaffold supports one month of continuous long-
lasting delivery of the contained drug to stimulate APCs,
thus enhancing the effect of immunotherapy.

Given the anatomical structure of the LN, it is critical
to enhance the carriers’ ability to overcome biological bar-
riers and destabilizing obstacles in vivo to obtain the best
therapeutic effect [162]. Liang’s team [163, 164] has shown

© The authors

in two successive studies that PEG-PE-based micelles can
rapidly target LNs. The micelles can drain into the central
region of LNs co-localizing with the duct network and
remaining there for more than 96 h. This team used this
carrier for antigen and adjuvant delivery and found that the
PEG-PE micelles-based vaccine effectively delivered anti-
gen to CD8aDCs, eliciting more efficient presentation and
stronger CD8*T cells initiation. Delivery of nanoparticles
to LNs, although with greater lymphatic uptake capacity,
have difficulty in accessing the lymphocyte compartment
within LNs through 3-5 nm conduits, which becomes a bar-
rier to the internal transport of LNs. To address this issue,
Alex Schudel et al. [165] developed a two-stage approach
to deep LNs delivery of drugs. They used thiol-reactive
oxanorbornadiene (OND) linkers to load the drug onto PPS
nanoparticles. This platform regulated the timing of half-life
drug release according to the first-order Retro-Diels—Alder
mechanism, which controlled the release of mobile lym-
phatic small molecule cargo (Fig. 6d). Delivery to specific
lymphocyte subpopulations in the cortex and paracortex of
LNs was achieved compared to particles or free compounds
alone. Finally, the number of target cells (T and B cells and
DCs) was increased by several orders of magnitude.
Polymeric nanoparticles have great innovation potential,
in part because the rational design of polymers is in parallel
with the development of chemistry. Industrial production
and the safety of organic reagents should also be taken into
account when creating carriers with special functions.

5.4 Inorganic Nanoparticles

Inorganic materials enable the effective delivery of LNs for
vaccines or immune drugs. Inorganic nanoparticles have
the following advantages: structurally stable; can be tai-
lored into carriers with specific physical properties (size,
porosity, electrical conductivity, hydrophilicity, and optical-
magnetic properties, etc.); high control degree; huge spe-
cific surface area and excellent surface-selective adsorption
capacity; easy surface modification for enhanced targeting
ability and enhanced immune system escape; combination of
various tumor therapies, showing great promise in combina-
tion immunotherapy [169]. Common inorganic nanoparticles
used for LNs delivery include mesoporous silica nanopar-
ticles (MSNs), gold nanoparticles (AuNPs), metal-organic
backbones (MOFs), and iron oxide nanoparticles (Table 3).
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Nano-Micro Lett. (2023) 15:145

Page 17 0of 35 145

MSNs surface contains negatively charged and hydro-
philic silicol groups (SiOH). The super-porous structure
ensures the effective loading of high molecular weight
antigens and immune-stimulating molecules, which makes
MSNss a potential LN targeted vaccine carrier. In addition,
mesoporous silica material is potential adjuvant that can
enhance the immune response through inflammasome acti-
vation [170]. Hu et al. [171] prepared a biomimetic nano-
vaccine by wrapping B16F10 mouse melanoma cell mem-
branes in the outer layer of MSNs using highly automated
flash nanocomplexation (FNC). In vivo uptake experiments
showed that the surface antigens of cancer cell membranes
gave them APCs targeting effects. In recent years, the com-
bination of vaccine delivery and photothermal therapy (PTT)
for tumor ablation using MSNs as carriers has also been
reported. Huang et al. [109] loaded ammonium bicarbonate
(ABC) in MSNs pores, surface coated with the photothermal
agent PDA and coupled with thiolated OVA for melanoma
PTT immunotherapy. This therapeutic vaccine released
OVA under the dual disruption of NIR laser irradiation and
NH-induced temperature increase, and the gas generated by
ABC disintegration in an acidic environment accelerated
the release of antigen and migration to LNs (Fig. 7a, b). In
addition to serving as vaccine carriers, MSNs are also used
for the delivery of immune drugs. For example, Stead et al.
[172] designed porous silicon (pSi) nanoparticles loaded
with the immunosuppressant rapamycin and surface coupled
with DC-SIGN antibodies targeting DCs.

AuNPs are widely used for imaging LNs due to their
strong light absorption and light scattering by local-
ized surface plasmon resonance (LSPR) [173]. Sun et al.
[111] developed glycol-chitosan-coated gold nanoparticles

Table 3 Summary of Inorganic carrier materials for LNs immunotherapy

(GC-AuNPs) that highlighted LNs in ultrasound-guided
photoacoustic (US/PA) imaging (Fig. 7c). LNs 3D analy-
sis showed that the accumulation of GC-AuNPs in LNs
increased with time. However, some studies have shown
morphological changes in the liver, spleen, and LNs of adult
rats during the long-term administration of GNPs [174]. And
the accumulated gold nanoparticles induce oxidative stress
through ROS production, so their safety remains the biggest
obstacle for clinical application.

MOFs are a rapidly developing coordination polymer in
the last two decades because of their tunable pore size, high
surface area, and high loading capacity. Currently MOFs can
also achieve effective LNs delivery of vaccines. For exam-
ple, Zhong et al. [110] synthesized a zeolitic imidazole back-
bone (ZANPs) with pH-sensitive degradation properties for
the delivery of OVA and GpG (Fig. 7d). Experiments results
showed that after subcutaneous injection, ZANPs could tar-
get and efficiently accumulate in LNs, and both antigen and
adjuvant were efficiently internalized by LNs-resident APCs.

Otherwise, iron oxide nanoparticles have been reported as
a LNs target delivery carrier to carry antigens for inducing
the migration of DCs to LNs previously (Fig. 7e) [175]. But
reports in recent years have mainly focused on LNs tracers
for contrast imaging.

In conclusion, inorganic nanomaterials offer obvious
advantages for vaccines and immunotherapies and have
a wider application as targeting carriers for LNs in tumor
immunotherapy. However, a balance between effectiveness
and safety must be struck when designing inorganic nano-
particles for nanomedicine, so that inorganic nanomaterials
can realize their full clinical potential.

Inorganic carrier materials Loading drug Type of cancer References
Mesoporous silica OVA and CpG B16-OVA tumor model [176]
Mesoporous silica CpG B16F10-OVA tumor model [171]
Mesoporous silica OVA and R848 / [177]

pSi RAPA / [172]

Au OVA / [111]

Au pCMV-MART1 B16F10-OVA tumor model [178]
SPIO OVA / [175]
MOF OVA and CpG EG7-OVA tumor model [110]
MOF CpG TUBO tumor model [179]
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5.5 Exosomes

Since the discovery of exosomes in the supernatant of sheep
erythrocytes cultured in vivo in 1983, researchers’ knowl-
edge of exosomes has evolved from redundant membrane
proteins to the gradual recognition of the important role of
exosomes in the body’s immune response [180]. Exosomes
are 30—-100 nm bilayer vesicles actively released by cells
[181] and are a type of extracellular vesicles (EVs), which
are in the ideal size range for lymphatic transport. In recent

© The authors

years, research related to the use of exosomes as delivery
vehicles for LNs has continued to rise.

An increasing number of studies have shown that normal
immune cell-derived exosomes are involved in a variety of
immune processes, such as antigen presentation and immune
cell activation and inhibition [182]. Therefore, the use of
immune cell exosomes for enhancing immunotherapy is an
attractive avenue. Among these, DC-derived exosomes with
the homing ability of LN after activation have been mostly
studied. Exosomes no longer stop at "bare" exosomes, but

https://doi.org/10.1007/s40820-023-01125-2
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functionalized and modified exosomes have become a hot
topic of research. For example, Zuo et al. [113] developed a
liver cancer immunotherapeutic vaccine DEXpg x5 Using
DCs-derived exosomes coated with a targeted peptide bind-
ing to exosomal anchor peptide (CP05), antigenic epitopes,
and immune adjuvants (Fig. 8a). Notably, higher fluores-
cence was detected in the spleen, mesentery, and ILNs of
mice after receiving DEX than in the PBS control group.
To further enhance the LNs homing ability of DCs-derived
exosomes, the researchers functionally engineered DCs
exosomes using CD62L for efficient delivery to TDLNs by
enhancing the interaction with lymphatic endothelial cells
(LECs). Researchers loaded cel-miR-54 in exosomes to
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validate targeting efficiency, which eventually showed
striking results of hundreds of times higher accumulation
levels in mouse LNs than in the unmodified group [183].
However, since antigen-specific T cell function is often sup-
pressed, other researchers have combined cancer vaccines
and checkpoint blockade strategies to prepare bifunctional
exosomes that synergistically enhance antitumor immune
responses. The team of Phung [184] combined exosomes
with CTLA-4 blockade therapy and reported an OVA pulse-
activated DCs-derived exosomes modified by a CTLA-4
antibody. Exosomes were more than 150 times stronger in
ILNs than in any other tissues, i.e., which means exosomes
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Fig. 8 a Schematic illustration for designer DEX vaccine-DEXpg a0~ [113]. Copyright 2022 Springer Nature. b Fluorescence images of mice
and main organs (circle ILNs). Exosomes are more than 150 times stronger in ILNs than in any other tissue [184]. Copyright 2020 Elsevier. ¢
Schematic illustration of the fabrication of PEG-EXO-man for targeted delivery into the DCs and LNs [112]. Copyright 2019 John Wiley and
Sons. d Schematic diagram of the preparation of human PBMC-derived exosomes containing tumor cell nuclei (left) and their TEM images
(right) [114]. Copyright 2021 The American Association for the Advancement of Science. € B16F10-derived EVs labelled with DiD were
injected into tamoxifen-treated Prox1-CreER™ x Vcam1¥® mice. Example histograms and quantification of DiD uptake in PLN LECs (above)
and MSMs (below). The selectivity of EVs and TDLNs in melanoma cells depends on the expression of lymphoid VCAM-1 [193]. Copyright
2022 John Wiley and Sons
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could effectively target TDLNs after subcutaneous adminis-
tration and induce more effective anti-tumor T cell responses
(Fig. 8b).

Yu’s group [185] compared the accumulation of LNs
in four sources of exosomes, RAW264.7 macrophage cell
line, mouse serum, human serum, and fetal bovine serum,
and tested the ability to act as immune drug carriers to
LNs. They found that serum-derived exosomes exhibited
better accumulation of LNs than cell-derived exosomes.
Fetal bovine serum exosomes could be delivered to the
macrophage and T cell areas of the SCS so that immune
drugs can target immune cells more precisely. Based on
this, their team developed mannose-modified PEGylated
bovine serum exosomes (EXO-PEG-man) that were spe-
cifically taken up by DCs after intradermal injection
and exhibited enhanced lymphatic accumulation, which
demonstrates that the exosomes could serve as promising
carriers for the delivery of immune drugs or vaccines to
LNs (Fig. 8c) [112]. In addition, serum or plasma-derived
exosomes have been widely used for the diagnosis of lym-
phatic metastases from cancers such as pancreatic [186],
thyroid [187], and ovarian [188].

Other than that exosomes are from pure origin, there are
also research results on artificial chimeric exosomes for
targeted drug delivery to LNs inspired by cell fusion into
hybrid cells. Wei’s team [114] proposed an LNs and tumor
space dual-targeting exosomes. Their team introduced
the nucleus of tumor cells into the isolated and activated
macrophages in peripheral blood to prepare exosomes. On
the one hand, the nano-size of exosomes can be used to
passively target LNs and the function inherit from mac-
rophages activates the tumor-specific immune response; on
the other hand, the homing ability of tumor cells can be
inherited and actively targeted to tumor tissues (Fig. 8d).

Beyond immune cell-derived exosomes, many studies
have demonstrated that EVs released from tumor cells
can be taken up by lymphatic vessels and transported
into draining lymph nodes [189-191]. This phenomenon
is attributed to integrins expressed by EVs derived from
tumor cells acting as "homing" receptors to direct them
to responsive target organs [192]. A study revealed that
EVs derived from melanoma cells interacted highly selec-
tively with a subset of macrophages and LECs in TDLNs
and that this selectivity was dependent on the expression
of lymphoid VCAM-1 (Fig. 8e) [193]. The discovery of
this mechanism provides some theoretical basis for the

© The authors

development of tumor-derived EVs as drug carriers tar-
geting LNs.

In conclusion, exosomes or extracellular vesicles of vari-
ous cellular-derived have their own advantages in targeting
LNs and have shown excellent targeting accumulation effects
in mouse models. However, exosome isolation is inefficient
and industrial production is difficult, so the realization of
clinical application is still dependent on the advancement
of production technology.

5.6 Microneedles

Microneedles are solid or hollow needle-like structures that
can deliver drugs to the epidermis or dermis [194, 195].
Microneelines can penetrate the cuticle in a minimally inva-
sive manner and transport cargo to regional lymph capillary
vessels [196, 197]. In addition, there are abundant immune
cells in the epidermis [198]. These advantageous conditions
facilitate the delivery of the cargo to LNs. Kwon et al. [199]
found that nanotopography-based microneedle injected into
the epidermal space of mice demonstrated in a visualized
form that ICG could be absorbed by the initial lymphatic
vessels and subsequently pass through the lymphatics into
the interior of LNs. In clinical trials, nanotopography-based
microneedle was also found to deliver ICG directly to the
axillary lymph nodes (ALNs) and ILNs of healthy human
volunteers via the lymphatic vessels (Fig. 9a). These results
further demonstrate the great potential of microneedle deliv-
ery systems for the delivery to LNs. Therefore, the use of
microneedles to deliver drugs to LNs to initiate a stronger
immune response is a hot topic of research in recent years.
Microneedles, as a macroscale drug delivery system, have
a wide range of applications in nanovaccine. The epidermis
and dermis are richly distributed with APCs that require
only minute amounts of antigenic stimulation to trigger an
immune response [200]. Microneedles have been explored to
modulate the recruitment, activation, and lymphatic homing
effects of APCs [123]. Transdermal immunization instead of
conventional immunization has great advantages in terms of
improving immune efficiency. The main microneedles used
to mediate vaccination are coated microneedles, hollow
microneedles, and dissolvable microneedles (Table 4).
Coated microneedles can be prepared by applying drugs
on the surface of the needle body. For example, Cau-
dill et al. [116] used 3D printing technology to design

https://doi.org/10.1007/s40820-023-01125-2
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Table 4 Summary of type of microneedles for LNs immunotherapy

Type of microneedles Loading drug Type of cancer References
Coated microneedles Trp2 and CpG / [204]
Coated microneedles Poly(I:C) and pOVA B16-OVA tumor model [205]
Hollow microneedles Cold atmospheric plasma and PD-1 antibody B16F10 tumor model [203]
Dissolving microneedles Paclitaxel and Resiquimod B16F10 tumor model [206]
Dissolving microneedles 1-MT and PD-1 antibody B16F10 tumor model [207]
Dissolving microneedles Hyaluronate-SIINFEKL (Cytotoxic T-cell epitope B16 tumor model [208]
peptide)
Dissolving microneedles Poly(I:C) and pOVA B16-OVA tumor model [209]

faceted microneedles with horizontal grooves that signifi-
cantly enhanced drug loading compared to square conical
microneedles. Besides, microneedle delivery significantly
prolonged the accumulation of OVA and CpG at the admin-
istration site and enhanced the activation of immune cells
within LNs compared to subcutaneous injection (Fig. 9b).
Hollow microneedles can be obtained by processing solid
needle bodies into hollow needle bodies and encapsulating
the drug inside the hollow body. Because hollow micronee-
dles often require pressure generated by syringe thrust, it
is possible to develop vaccines with dosing, precision and
controlled speed. Niu et al. [201] loaded OVA and R837 co-
loaded PLGA nanoparticles into hollow microneedle bodies.
After administration, nanoparticles are transported through
dermal lymphatic vessels and draining lymph nodes in the
skin to secondary lymphatic organs (Fig. 9c). Compared
to PLGA nanoparticles delivered by intramuscular injec-
tion, microneedles were able to significantly enhance Thl
responses, and elicited significantly higher IgG2a antibody
responses and more IFN-y-secreting lymphocytes.

Soluble microneedles are prepared by dissolving or dis-
persing the drug in easily degradable needle materials,
which can slowly degrade in vivo and continuously release
the drug. Li et al. [202] used polypyrrolidone (PVP) as a
material to load nanoparticles of chitosan-encapsulated
OVA and CpG onto needle tips (Fig. 9d). These goods car-
ried by nanoparticles were able to effectively accumulate in
peripheral LNs and demonstrate a potent anti-tumor immune
response.

Proper microneedle design can also be a carrier for the
delivery of live cells. Chang et al. [115] reported a phos-
phate-buffered solution of 2.5% dimethyl sulfoxide and
100 mM sucrose as a cryogenic medium for loading sus-
pended DCs to construct frozen microneedles. The survival

© The authors

rate of DCs was as high as 71.4 + 1.4%, and DCs can retain
unchanged viability after one month of storage in liquid
nitrogen. This provides a novel means of efficient delivery
DCs to LNs (Fig. 9¢). In addition, due to the specificity of
transdermal delivery especially for somatic tumors such as
melanoma, microneedles can be used as an adjunct to other
treatment modalities. One study described a cold atmos-
pheric plasma (CAP)-mediated ICB therapy integrated with
microneedles. Microneedles contributed to CAP transport
through the skin leading to tumor antigen release and pro-
moting the maturation of DCs in TDLNs, while the ICB
drugs contained in microneedles exerted a synergistic anti-
tumor effect [203].

At present, more and more attention has been paid to the
research of microneedles, and the emergence of industri-
alized equipment has also promoted the development of
microneedles for drug delivery, like 3D printers. However,
there are still some technical obstacles, such as low drug
loading, to be broken through in practice.

5.7 Protein Nanoparticles

Protein nanocarriers have many excellent properties suitable
for targeted drug delivery, such as highly organized structure
and symmetry, good biocompatibility and biodegradabil-
ity, and ideal delivery size [117]. Based on current devel-
opments in proteomics, recombinant protein engineering,
and other technologies that confer predictability, tunability,
and designability to protein carriers. He [210] complexed
and self-assembled a peptide, interferon gene stimulator
(STINGATM) protein, and STING agonist 2"3'cyclic guano-
sine monophosphate-adenosine monophosphate (cGAMP)
into a tetramer (Fig. 10a). cGAMP-STINGATM served as a
protein carrier for the peptide and activated STING signaling

https://doi.org/10.1007/s40820-023-01125-2
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to aid in the activation of APCs. Experiment results showed
that the tetramer exhibited excellent lymphatic targeting
efficacy.

Another protein-based carrier of interest is virus-like par-
ticles (VLPs), which are hollow viral capsids formed by sin-
gle or multiple structural proteins but lacking a nucleic acid
component. It allows the highly repetitive display of natural
antigens on the surface of VLPs used to activate immune
cells nor to infect the organism. Coupled with the favorable
size of VLPs (20-200 nm) allows them to be freely diverted
in their intact form to LNs [211, 212]. It was shown back
in 2009 that 90 nm VLPs could easily enter the subcapsu-
lar sinus of draining lymph nodes. Their trials have shown
that the simian-human immunodeficiency virus (SHIVs)
showed strong accumulation in multiple LNs, particularly

SHANGHAI JIAO TONG UNIVERSITY PRESS

when given with an intradermal injection. This phenomenon
increased titers of higher affinity antibodies (Fig. 10b) [213].

In addition to the use of exogenous proteins for the deliv-
ery of LNs, the "albumin hitchhiking" strategy can enhance
the efficiency of LNs delivery by using albumin. Albumin
exceeds the threshold for diffusion from the interstitial space
into the bloodstream and is trafficked to the lymphatics to
target LNs [64]. The first application of this targeting strat-
egy to a vaccine was that Irvine designed an amphiphilic
adjuvant “amph-CpG” linked with a lipophilic albumin-
binding region (diacyl lipid), which can bind to endogenous
albumin when co-delivered with antigen, thereby enhancing
LNs targeting [100]. Same principle, Ma et al. [214] used
this approach to create enhanced vaccines for CAR-T by
designing "amph-ligands" that attach CAR ligands to pol-
ymer-lipid tails which can ride on albumin, exhibiting LNs
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targeting CAR-T cells rapid activation and efficient prolifera-
tion (Fig. 10c).

In addition to the natural transport of cargo to LNs
achieved with the help of lipid-soluble albumin-binding
structural domains, using the specific binding of the albu-
min-binding structural domain and serum albumin also
can do it. Wang et al. [215] designed a recombinant fusion
protein consisting of an albumin-binding domain (ABD),
an immune-tolerant elastin-like polypeptide (iTEP), and
an antigenic peptide. The association between ABD-iTEP
and mouse serum albumin (MSA) in mice exhibited better
accumulation of LNs and accumulation of DCs, facilitating
antigen presentation provided by ABD-iTEP (Fig. 10d). Of
course, this albumin-binding domain can also be modified
on other carriers to confer this particular transport strategy.
A study described the modification of ABD on the sur-
face of extracellular vesicles. It was demonstrated that the
modification exerted a strong binding capacity with human
serum albumin (HSA) and MSA. This design significantly
increased the cycle time of EVs and showed a considerable
accumulation of LNs and solid tumors [216].

In conclusion, the application of both exogenous protein
carriers and endogenous albumin is focused on tumor vac-
cines. Because they have an outstanding advantage in boost-
ing the immune response. Protein carriers are expected to
participate in the combination therapy of cancer in clinical
treatment [117].

5.8 Others

In addition to the above classical carriers, thanks to the
development and contribution of various cross-disciplinary
disciplines, innovative means of achieving targeted drug
transport have emerged in recent years, and clever carrier
designs have suggested new ideas for LNs accumulation.
Microbial cancer therapeutics are of great interest, where
B-glucan and chitin in yeast cell walls act as "danger signal"
leading to immune activation, such as activation of APCs to
enhance the anti-tumor efficacy of T cells. Based on this, the
team of Wang [74] created cell wall nanoparticles derived
from saccharomyces cerevisiae. Wall nanoparticles were
effectively recognized by DCs after intratumoral injection
by size effect. And were able to efficiently migrate to nearby
TDLNSs, to activate immune cells and reshape the immu-
nosuppressive tumor microenvironment. Also inspired by
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the fungal infection pathway, Wu et al. [119] reported an
oral f-glucan microcapsules (GM-FK506) (Fig. 11a). The
microcapsules are recognized by micro-fold cells with
high expression of the Dectin-1 receptor and transported to
enteric-related lymphoid tissue. Then microcapsules were
phagocytosed by macrophages in this lymphoid tissue,
enabling efficient delivery of the contained drug to LNs.
Although this study was used to deliver immunosuppressive
drugs to treat acute rejection after heart transplantation, it
provides meaningful insights into oral LNs targeting systems.

The ideal lymphatic targeting ability of nanocrystals (NCs)
formed by their size, and their solution form has better mobil-
ity and a faster targeting rate. One study reported that MTO
self-assembled nanocrystals (MTO NCs) showed amazing tar-
geting ability for LNs, with 81 times higher uptake of MTO in
LNs than in tissues such as the heart, liver, spleen, lung, and
kidney (Fig. 11b). Not only that, MTO NCs allowed sustained
drug release for up to 24 h and reduced drug toxicity [118].

It is helpful to explore non-classical nanocarriers to pre-
pare LNs targeted delivery systems. This promises to over-
come problems encountered with ordinary nanocarriers and

achieve greater efficacy.

6 Conclusion

Tumor immunotherapy has been hailed as the third revo-
lution in cancer treatment and has transformed the future
direction of tumor therapy. LNs coordinate antigen pres-
entation necessary for anti-tumor immunity and become
a key target for tumor immunotherapy. Poor immune
functional compound delivery in the LNs undoubtedly
limits the rapid induction and activation of immune cells,
and well-designed drug delivery vectors are an attractive
strategy to face this challenge head-on. Current carriers
design to achieve effective accumulation of LNs focus on
four aspects: first, size effect. According to LNs structure,
designing a suitable size aims to overcome the barrier of
LNs delivery for passive targeting, which has become
the primary design factor to achieve efficient LNs accu-
mulation in different nano-delivery systems. Secondly,
active targeting. The active targeting potential of carriers
by modifying ligands (e.g., mannose ligands and CD11b
antibodies) can significantly improve the accumulation of
LNs in nano-delivery systems. It can be widely used in the
design of different kinds of nano-delivery systems. Third,
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functionalized carriers. It can be achieved in this way that
relying on the special physiological environment, synthetic
chemical bonds, or special materials to make carriers
undergo the predicted chemical reactions in vivo by using
the carrier’s own chemical properties. The construction
of functionalized carriers with modifications such as pH
sensitivity, oxidation triggering, the introduction of the
linker, and click chemistry, allows for modulation of par-
ticle size, precise drug release, or enhanced target delivery.
Fourth, the use of advanced biotechnology. On the basis of
retaining the advantages of the original delivery carriers,
carriers are cleverly transformed with the help of bionic
technology, protein fusion technology, recombinant pro-
tein engineering, genetic engineering, etc. The incorpora-
tion of new technologies continues to suggest interesting
ideas for the design of LNs targeting carriers.

Although different types of nanocarriers present different
advantages for the targeted delivery of LNs, and delivery
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systems with new optimized mechanisms and high deliv-
ery efficacy are being developed, these approaches still face
the challenge of clinical translation. Many nanomedicine
products show good results in cell and animal experiments,
however, the results of clinical research are not satisfactory,
especially for the delivery system with site-specific accu-
mulation. Firstly, the efficacy of nano-delivery carriers in
humans has not been fully validated. The pharmacokinet-
ics in vivo are not easily elucidated. After injection, the
nanoparticles do not precisely target to LNs in the designed
path. It is inevitable to accumulate in the organs such as the
liver and spleen, then leading to toxicity to normal tissues.
Besides, ensuring the safety of the materials is a great obsta-
cle for clinical translation. Although there are many types
of carriers used for the targeted delivery of LNs, only a few
types are used in clinical applications. How to enhance the
biocompatibility and biodegradability of carriers in vivo is
one of the main issues for clinical translation. Thirdly, the
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technical challenges of production are critical for clinical
translation. The sample preparation technology is a prerequi-
site for the clinical translation of the nano-delivery systems.
In conclusion, selective delivery of drugs to LNs may
allow us to overcome the limitations of existing tumor
immunotherapies and is therefore essential for the advance-
ment of immunotherapy. However, the development of
nanoparticles for LNs with high safety, simple preparation
process, easy industrial production and potential for clinical
translation is not only limited to the development of phar-
maceutics, but also depends on the integration of interdisci-
plinary technologies such as medicine, biology, chemistry
and mechanical science. Industrial pharmaceutics, materials
science, mechanical engineering, molecular biology, protein
engineering and so on are the key point to guarantee the
clinical transformation of LNs tumor immunotherapy.
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