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Strategies of improving vaccine targeting ability toward lymph nodes have been attracting considerable
interest in recent years, though there are remaining delivery barriers based on the inherent properties of
lymphatic systems and limited administration routes of vaccination. Recently, emerging vaccine delivery
systems using various materials as carriers are widely developed to achieve efficient lymph node target-
ing and improve vaccine-triggered adaptive immune response. In this review, to further optimize the vac-
cine targeting ability for future research, the design principles of lymph node targeting vaccine delivery
based on the anatomy of lymph nodes and vaccine administration routes are first summarized. Then dif-
ferent designs of lymph node targeting vaccine delivery systems, including vaccine delivery systems in
clinical applications, are carefully surveyed. Also, the challenges and opportunities of current delivery
systems for vaccines are concluded in the end.
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1. Introduction

Vaccines have received considerable attention in recent years
when considering urgent needs due to their outstanding therapeu-
tic and prophylactic efficacy against emerging intractable diseases.
Especially nowadays, COVID-19 vaccine is considered as the hope
for ending the worsening coronavirus pandemic [1]. Functionaliz-
ing as triggers to stimulate human immune systems fighting
against foreign pathogens, the efficacy of vaccines depends upon
the potent delivery performance towards immune-related organs
to optimize the vaccine availability and retention time at the lym-
phatic organs. Hence, as a critical part of vaccine development, vac-
cine delivery strategies utilizing agent delivery platforms are
fundamental to the targeting delivery towards human immune-
related systems or the controllable release of vaccine agents at tar-
geted sites. The improved specificity of vaccine delivery is also
beneficial to eliminate immune-related adverse effects like
antibody-mediated hypersensitivity [2].

Since the vaccinal antigens primarily activate the adaptive
immune system that memorizes and clears antigens as foreign
invaders, the potency of the vaccine relies on the extent of the
vaccine-boosted adaptive immune response in human bodies [3].
The adaptive immune response is mainly initiated in lymph nodes,
which are the crucial residence of adaptive immunity-related lym-
phocytes, including CD4+ helper T cells, CD8+ T cells, B cells, and
antigen presenting cells (APCs). The intact adaptive immune
response is initially based on the antigen presenting behavior of
APCs, including macrophages, dendritic cells (DCs) like follicular
dendritic cells, and B cells [4]. Antigen uptake mechanisms of APCs
vary among different cell types. As for macrophages and the major-
ity of DCs, phagocytosis plays a vital role in antigen uptake through
engulfing exogenous vaccinal antigens into APCs, following by the
progress of processing and presenting the antigens as major histo-
compatibility complex (MHC) class I and class II proteins on the
surface of APCs [5]. Subsequently, those APCs carrying with MHC
I or MHC II complexes would migrate from antigen-exposed tissue
sites to near-by draining lymph nodes (dLNs) and present MHC
complexes to T lymphocytes and B lymphocytes. Therefore, acti-
vated T cells and B cells within lymph nodes will respond to the
vaccination, regulate adaptive immune response against foreign
antigens, and form potential long-term immune responses. Follic-
ular dendritic cells, however, have a totally distinct pathway to
trigger the adaptive immune response. As the DCs are originated
in primary and secondary lymph follicles of lymphoid tissues, the
surface receptors of follicular dendritic cells could recognize and
capture antigen–antibody complexes, also named immune com-
plexes, which circulate systematically, and retain them in the
lymph nodes to maintain long-lasting immunity [6]. It is now well
established from a variety of studies that the potency of T cell-
associated immune response activated by vaccination correlates
with the transportation efficiency of vaccine-activated APCs
towards lymph node immunization site [7–9]. Among these, pro-
fessional DCs with antigen cross-presentation ability have mark-
edly more promising T cell activation effectiveness compared
with macrophages and B cells [10]. According to the above, for
enhancing the vaccination-triggered adaptive response, how to
achieve the targeted transport of either vaccine antigens into
lymph nodes for APCs inside or activated APCs into lymph nodes
for priming T cells and B cells has been instrumental in the
research field of vaccine delivery.

Despite the hopeful therapeutic efficacy of lymph node-
targeted vaccination, the barriers for lymph node-targeted vaccine
transportation tremendously hinder the achievement of significant
vaccination efficacy, which requires robust vaccine delivery plat-
form designs. Lymph node-targeting vaccine delivery barriers
2

hinge mainly on the constraints between the following key ele-
ments: the administration route of the vaccine, lymph node phys-
iological structures and microenvironment, and intrinsic
characteristics of the vaccine in vivo [11]. Therefore, to accomplish
compelling lymph node-targeted vaccine delivery, the develop-
ment of a vaccine delivery platform overcoming existing barriers
is of great importance. So far, with a better understanding of the
entry pathways of either vaccine or vaccine-activated APCs into
lymph nodes and how adaptive immune response takes place
inside draining lymph nodes, rational design of vaccine carriers
has achieved significant progress. Various biomaterials-based vac-
cine delivery systems, including liposome-based vaccine delivery
systems, cell-based vaccine delivery systems, nucleic acid-based
vaccine delivery systems, and peptide-based vaccine delivery sys-
tems, have shown great promises in advancing delivery efficiency
by overcoming the transport challenges.

Therefore, this review article aims to highlight the lymph node’s
physiological architecture and the administration routes of vacci-
nes, and how they impede the targeting delivery of vaccines
towards lymph nodes. The corresponding design principles of vac-
cine towards lymph nodes are reviewed in detail. The clinical trials
of diverse lymph node-targeted vaccine delivery systems, as well
as preclinical research, are summarized. Lastly, the challenges
and future directions of lymph node-targeted vaccine delivery sys-
tems for further development are discussed and outlooked.

2. Administration routes of vaccine towards lymph nodes

The systematic analysis of vaccine administration routes is
imperative and helpful to better comprehend and achieve the
immune activation by lymph node-targeted vaccine. Commercial-
ized vaccines currently available are primarily administrated to
patients in two different routes: oral route and interstitial injec-
tion, which includes subcutaneous, intramuscular, intradermal
injection. Considering the most desirable and patient-compliant
administration route, oral vaccines are valued in developing coun-
tries as potential strategies to improve vaccine distribution and
efficacy by reducing the administering costs and increasing patient
adherence to vaccine [12]. However, the oral route is not the
desired route for lymph node targeting due to the transportation
barriers in the human GI tract, including a highly acidic environ-
ment, complicated ingredients of digestive enzymes, and more
importantly, the multiple epithelial barriers created by tight cellu-
lar junctions [13]. The harsh gastrointestinal environment and self-
downregulated immune response in the GI tract significantly
impede vaccinal antigens from getting through intestinal barriers
and being internalized by APCs, resulting in dissatisfied lymph
node targeting effectiveness. Therefore, for evading the depletion
and metabolism of foreign vaccine antigens during circulation,
recently there has been increasing interest in direct intranodal
injection of vaccine, especially for the dendritic cell-based vaccines
[14,15]. Studies have shown that by intranodally delivering vacci-
nes for lymph node targeting, better accumulation of vaccines at
lymph nodes enables a relatively lower dose of vaccines to achieve
enhanced immune response. However, the clinical implementation
of intranodal vaccination is hindered mainly by technical chal-
lenges in locating lymph nodes even with the help of ultrasound
or the nontoxic tracer dye [16], and also the highly delicate struc-
ture of lymph nodes and cytokine gradients inside might be
irreparably damaged by direct injection. Taken together, tradi-
tional interstitial vaccination still could not be substituted so far
due to the immature development of intranodal vaccination.

Interstitial vaccination, in contrast to intranodal vaccination,
could not avoid the long circulation pathway through lymphatic
vessels before reaching lymph nodes to initiate the adaptive
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immune response, which primarily affects the therapeutic efficacy
of vaccines. Currently, for a better understanding of the barriers for
vaccine delivery towards lymph nodes, two possible transport
pathways of vaccines from peripheral tissues into lymph nodes
are recognized. For either subcutaneous, intramuscular, or intra-
dermal vaccination, injected antigens could be captured by APCs
like macrophages and DCs that reside in peripheral tissues, follow-
ing with being digested and presented as MHC. Afterward, acti-
vated MHC-expressed APCs will move across the lymphatic
endothelial cells from the interstitium and enter lymphatic vessels
with interstitial fluid. For example, mature DCs migrate towards
lymphatic vessels due to the upregulated signaling of CCR7 [17].
Traveling along with lymphatic fluid from initial lymphatic vessels,
through collecting lymphatic vessels, APCs transport into the
draining lymph nodes with the help of chemokine gradients and
luminal valves inside the collecting lymphatic vessels [18]. Conse-
quently, APCs could encounter and present antigens to naïve lym-
phocytes in the lymph nodes, known as the reservoir of T cells and
B cells, triggering the corresponding adaptive immunity. For anti-
gens that are not processed by APCs in the periphery, instead of
transporting with APCs, antigens could only passively drain into
the lymphatic vessels and be unidirectionally transported to lymph
nodes. However, the lymph node targeting capabilities of non-
captured vaccine antigens are relatively poor without the digestion
and presentation by APCs because the majority of vaccine particles
still remain in the peripheral injection sites owing to the complex
delivery barriers generated by the dynamic physiological environ-
ment within the interstitium [19]. The clearance of vaccines along
with blood capillaries and possible endocytosis of vaccines by
other cell types would also reduce the delivery efficacy of vaccines
towards lymph nodes, leading to a higher dosage of antigens for
activating sufficient immune response [20]. What is more, the
remaining antigens in the periphery cannot trigger enough adap-
tive immune response compared with inside lymph nodes since
the low amount of peripheral immature DCs could hardly prime
adequate amounts of T or B cells [21]. Therefore, how to overcome
the transport challenges of interstitially injected free antigens
towards lymph nodes would be the critical point for enhancing
the immune-stimulating efficacy. To get better lymph node target-
ing results, various vaccine delivery carriers have been designed to
increase the vaccine delivery efficiency for better priming vaccina-
tion efficacy.
3. Lymph nodes physiological architecture and antigen
transportation inside lymph nodes

Once reaching the lymph nodes with lymphatic fluid through
the afferent lymphatic vessels, antigens or antigen-presented APCs
originated from vaccines and antigen injection sites will start to
provoke a robust immunostimulatory response with lymphocytes
clustered inside lymph nodes. As the smallest compartment of
lymph nodes, lymphoid lobules provide the place for immune
response activation (Fig. 1). Surrounded by complex lymphatic
sinuses, lymphoid lobules are divided into two major compart-
ments: the innermost medulla and the cortex formed of paracortex
and outer cortex [22]. The medulla composing medullary cords
separated by lymph-draining sinuses is the compartment contain-
ing plasma cells, macrophages, and some memory T cells [23]. Fur-
thermore, in the cortex beneath the subcapsular sinus, abundant T
lymphocytes and B lymphocytes are located within the paracortex
and lymphoid follicle zone, respectively [24]. When enriching T
lymphocytes and B lymphocytes are activated to mature into effec-
tor cells or memory cells in response to antigens and leave the
lymph nodes via lymphatic vessels by expressing different
chemokine receptors, adaptive immune responses are triggered,
3

providing specific and long-lasting protection by clearance of cor-
responding pathogens and antigens [25].

Lymphatic fluids flowed from collecting lymphatic vessels,
firstly pass through the subcapsular sinuses wrapped by capsules
from outside, following with cortical sinus. The succedent routes
of migration largely depend on the size of immune-modulatory
particles/cells [26], which present totally different movement
behaviors of antigens or migrating APCs. As for antigen-carrying
APCs, especially DCs, lymphatic endothelial cells between subcap-
sular sinuses and T cell inhabited cortex zone are the main barriers
for cell migration inside lymph nodes. Due to the large size of cells,
APCs could not permeate from sinuses through single endothelial
cell layers without the help of chemokine gradients across the
sinus floor [27]. For example, CCRL1 chemokine receptors
expressed on the lymph node periphery are the driving force of
the formation of CCL19 and CCL21 functional gradients across
the sinus floors, which initiates the migration of DCs across the sin-
gle endothelial cell layers to the paracortex for the antigen presen-
tation to resided T cells [28]. Unlike antigen carried APCs, the
processing procedure of free vaccine antigens inside lymph nodes,
which transport from peripheral tissues, involves the participation
of resided immature antigen presenting cells in the lymph nodes
[29]. It is worth noting that depending on the size of antigens or
antigen-loaded delivery vehicles, whether they could enter the
conduits significantly influences the transportation time of reach-
ing either B cells or macrophages. Small antigens with less than
70 KDa molecular weight are suitable for transiting from subcapsu-
lar sinus through conduit system of lymph nodes, and subse-
quently be recognized by APCs in lymph nodes, for example, B
cell in follicle zone and DCs within the T cell area [30]. However,
for large antigens with molecular weight more than 70 KDa, or
hydrodynamic radius larger than 4 nm, the size exclusion function
of the conduit system due to small-sized tubules originating
between the sinus-lining cells become the biggest challenge for
antigen transportation [19,31,32]. Macrophages inside the subcap-
sular sinus, as the frontline immune cells embracing lymph-borne
pathogens, take the responsibility of the capture and digestion of
those trapped large antigens to assist antigen transportation to B
cells in the underlying follicles triggering adaptive immune
response [18]. Afterward, matured lymphocytes like T cells and B
cells and antibodies produced in lymph nodes are concentrated
in the inner medulla and drain into the efferent lymphatic vessels
from medullary sinuses entering the systematic circulation. Conse-
quently, as the main target sites of vaccination, lymph nodes stim-
ulate robust immune responses corresponding to the vaccine
injection.

As a particular type of normal lymph node, tumor-draining
lymph node is the primary compartment for tumor antigen presen-
tation to the naive immune system, which shows immunological
significance in either anti-tumor immune activation or immune
tolerance, favoring itself as an ideal target for cancer vaccines.
The microenvironment of tumor-draining lymph node changes
under the influence of the upstream cancer condition, resulting
in pro-tumoral lymph node structures and cell composition,
including suppressing resident dendritic cells during the tumor
progression [33]. Tumor-derived biological substances, for exam-
ple, IL-6, TGF-b, and VEGF, could stimulate the lymphangiogenesis,
which facilitates cancer metastasis with the increase of lymph flow
[34,35] and could also disrupt the cross-presentation of tumor
antigens by suppressing resident dendritic cells and effector T cells
while activating tumor-specific regulatory T cells [36,37]. Further-
more, the overexpression of chemokine receptors like CXCR4 and
CCR7 also promotes the migration of tumor cells through the lym-
phatic capillaries [38]. Therefore, by targeting tumor-draining
lymph nodes to modulate suppressive anti-tumor immune
responses in the lymph nodes, the efficacy of the cancer vaccine



Fig. 1. Lymph node’s physiological architecture and the distribution of immune-related cells inside lymph nodes.
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will be enhanced with induced prophylactic immunity and
restrained pro-tumor immune tolerance.
4. Design principles and delivery barriers of vaccine towards
lymph nodes

Studies of the lymph node targeting ability of vaccines have
shown the importance of size-dependent behaviors of vaccine
agents. A huge difference in the sizes of existing vaccine antigens,
which vary from smaller than 10 nm to larger than 10 mm, deter-
mines their innate targeting capability towards lymph nodes
[26]. The optimal size of vaccine systems is largely decided by
the antigen transportation process from the periphery, in order
to efficiently move through the interstitium and passively drain
into lymph nodes through lymphatic capillaries. Moving through
the water channels with size limitations, vaccine antigens that
are larger than 100 nm would be easily excluded by the dense
extracellular matrix and are incapable of diffusing and converting
through channels [39]. What is more, antigen particles with even
larger size (above 200–500 nm) would be detained in the matrix
and would also be refused to enter the initial lymphatic vessels
through cell junctions, which could be only facilitated by APCs
active transportation towards lymph nodes [40]. However, for
the best lymph node targeting performance, the case is not always
the smaller the vaccine agents are, the better accumulation in
lymph nodes can achieve. The circulation through cardiovascular
systems could attract antigens with a size of less than 5 nm (16–
20 k Da for proteins) into vascular capillaries and induce the accel-
erated clearance effects, leading to poor vaccination efficacy and
potential side effects [41–43]. Studies also show that compared
to larger particles (diameter greater than 1 lm), antigen particles
with size of around 300 nm are more favorable for dendritic cells
uptake [44], implying superior immune activation. Therefore,
besides taking advantage of the transition functions of APCs for lar-
ger antigens, designing a vaccine delivery system with the size of
around 10–100 nm would be essential for the achievement of bet-
ter lymph node targeting and improved vaccine-triggered immune
responses [45].
4

The influence of hydrophilicity in lymph node targeting vaccine
delivery also needs to be interpreted with caution due to its dual-
edged characteristics in the lymph node targeting process and APC
uptake process. To achieve lymph node targeting, how to overcome
the hindrance of the interstitial extracellular matrix is a crucial
issue for vaccine agent delivery. Vaccine delivery systems trans-
port through the interstitium via mainly water channels, which
prefers the hydrophilic surface properties of delivery vehicles
[45]. Studies have emphasized the benefits of hydrophilicity of
drug delivery carriers in lymphatic uptake and lymph node reten-
tion, taking advantage of the hydrophilic environment of the inter-
stitial matrix [46]. Polyethylene glycol (PEG), as a hydrophilic
molecule, is widely used as an agent for improving vaccine delivery
efficacy through vehicle surface hydrophilic modification, which is
also well known as particle size controller when synthesizing
nanoparticle-based vaccine delivery systems [47]. In the mean-
time, PEG decoration provides additional protection of vaccine
agents from enzyme degradation and renal clearance. Therefore,
the stabilization and targeting capability of vaccine agents during
the systemic circulation through PEGylation show great potentials
in lymph node targeting vaccines, with enhanced immune
response activation [48]. Other materials like hydrophilic func-
tional groups like silanol groups (Si-OH) are also applied to boost
lymph node targeting transportation [49]. Nonetheless, PEGylation
is not preferred by the APC uptake procedure, opposing its func-
tions in lymph node targeting delivery. The interaction between
cellular membranes of phagocytic cells and particle surfaces is
facilitated by the hydrophobicity property of vaccine particles,
while PEGylation leads to the hydrophilic modification of the vac-
cine delivery system surfaces [50]. Even though PEGylation could
enhance the vaccine delivery toward lymph nodes, adaptive
immune response triggered by vaccination is still unsatisfactory
because of the weak antigen presentation by DCs or macrophages
either in the periphery or inside lymph nodes. Interestingly, there
has been growing interest in zwitterionic materials as an emerging
material for vaccine delivery, especially for DNA vaccine delivery.
Zwitterionic materials, including hydrolytic cationic polycarboxy-
betaine esters and the mannosylated zwitterionic-based cationic
liposome, have shown great capability of protecting DNA vaccine
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from enzyme degradation and prolonging the retention of DNA
antigens in dLNs [51,52]. The amphiphile adjuvant with protein
vaccine also shows great lymph node accumulation properties
when treating SARS-CoV-2 [53]. Surface charge, another vital prop-
erty of vaccine delivery systems, also shows adverse effects in the
lymph node targeting process and APC antigen uptake process.
Owing to the composition of the interstitium, which contains
mostly negatively charged glycosaminoglycans, positively charged
carrier systems could be trapped in the interstitium, and trans-
portation of vaccines toward lymphatic capillaries will be largely
hindered [33]. Hence, negatively charged materials as the vaccine
delivery carriers are more favorable for better interstitial move-
ment for a better delivery performance of lymphatic uptake and
lymph node retention [45]. Studies have shown that vaccines mod-
ified by anionic materials could increase the accumulation of vac-
cines towards lymphatics [54]. Surface charge has been proved to
be one of the main influencing factors of their internalization effi-
ciency by APCs and also cytotoxicity. Anionic surfaces become the
delivery barriers when reaching APCs for antigen capture and pre-
sentation, While the uptake of vaccine particles could be signifi-
cantly enhanced by decorating the vaccine carriers with
positively charged materials like polypeptides poly-l-lysine, due
to the electrostatically binding with negatively charged surface
groups on the antigen presenting cell membranes and enhanced
cellular internalization [55,56]. Overall, charged materials have
higher cytotoxicity than neutral materials, where positively
charged materials show increased toxicity against nonphagocytic
cells in comparison with particles with negative charge [57]. Mech-
anistically, the high cytotoxicity of positively charged materials is
primarily correlated with the disruption of the negatively charged
cell membranes during the cell membrane penetration process of
materials, which induces cell death [58]. Thus, the development
of charge-reversal materials, which can maintain the neutral or
negative surface charge in the physiological environment while
been transformed to positive charge upon interacting with APCs,
Fig. 2. Vaccine delivery towards lymph nodes. (A) Basic design principles for vaccine d
vaccine delivery systems, polymer-based vaccine delivery systems, cell-based vaccin
materials-based vaccine delivery systems, peptide/protein-based vaccine delivery syst
delivery towards lymph nodes, including intranodal injection, interstitial injection, oral
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will be of great significance in promoting antigen uptake and ame-
liorating cytotoxicity [59,60]. Hence, both hydrophilicity-
hydrophobicity balance and surface charge balance are required
for careful consideration when developing vaccine delivery sys-
tems (Fig. 2A).

Another factor that largely influences the efficacy of vaccine
delivery towards lymph nodes is the interstitial oncotic pressure.
Since the driving force of the antigen movement along lymphatic
systems is the difference of interstitial oncotic pressure between
the peripheral interstitium and draining lymph nodes, compared
to the low pressure inside lymph nodes, creating a higher intersti-
tial oncotic pressure in the injection site has great potential in tar-
geting delivery and accelerating flow rate to achieve a better
immune response. Lymphatic uptake could be significantly
improved with a combination of a larger amount of vaccine anti-
gens reaching the draining lymph node through lymphatics and
decrease of the loss of antigens during the systematic circulation,
and immune activation could be consequently stimulated more
quickly [43]. The interstitial injection as the administration route
of vaccines shows markedly distinction of lymphatic transporta-
tion efficacy among all different injection sites. Because in the skin,
the oncotic pressure is higher than that in other interstitial sites,
the intradermal injection could increase the flow toward lymph
nodes comparing with subcutaneous or intramuscular injection
[43,61]. To further strengthen the targeting ability of the vaccine
to lymph nodes, vaccine adjuvants are introduced to vaccine deliv-
ery systems, among which albumin is one of the most widely uti-
lized in vaccine design. Albumin is a non-toxic intrinsic protein
enriching in blood vessels, which displays excellent lymph node
targeting ability as vaccine carriers for lipophilic vaccine molecules
[62]. Meanwhile, since the albumin concentration is relatively high
in the blood capillaries, the ‘‘albumin hitchhiking” approach could
prevent vaccine agents from entering blood circulation through
blood capillaries and mostly drain into lymphatics. By modifying
the antigens or adjuvants with a lipophilic albumin-binding
elivery systems and representative vaccine delivery systems, including lipid-based
e delivery systems, DNA nanodevice-based vaccine delivery systems, inorganic
ems, virus-based vaccine delivery systems. (B) Administration routes of vaccine
delivery.
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domain (Fig. 3), this efficient lymph node-targeted delivery
approach has been proved its boosting vaccine presentation by
DCs and targeting ability to lymph nodes [63,64]. Consequently,
adaptive immune response activated by vaccines could be
enhanced by the increased interstitial oncotic pressure.

Recently, expect focusing on developing vaccine carriers based
on their physical properties, more attention is paid to how to take
advantage of the intrinsic biological characteristics of human bod-
ies in lymphatics targeting, especially APC-mediated vaccine traf-
ficking and ligand decoration to target specific receptors on APCs
or lymphatic endothelial cells [33]. APCs play an essential role in
immune-related activities, which have their unique strengths as
vaccine carriers, such as long-lasting half-life, superior ability to
cross lipid membrane barriers, migration ability between tissues,
chemotaxis, and tumor homing ability. Selecting cell-based deliv-
ery systems based on various disease mechanisms and pathologi-
cal characteristics is expected to achieve long circulation, specific
targeting, and penetration into diseased tissues. DCs, known as
the most potent APCs so far, can process antigens efficiently and
present them to T and B lymphocytes to activate the specific
immunity [65]. Given that activated DCs have natural lymph node
targeting ability, dendritic cell-based vaccine delivery systems can
promote the accurate and efficient delivery of antigens to lymph
nodes. Besides, DCs could secrete cytokines and regulate chemo-
kine gradients, facilitating DC vaccines to exert systemic immunity
[66]. Furthermore, considering the contradiction in vaccine deliv-
ery system design, DC-based vaccine carriers formed in vitro clev-
erly evade the conundrum of how to balance the properties of
vaccine carriers, like size and surface charge, to conducing to either
APC uptake or lymph node targeting. In addition to APC-based vac-
cine delivery, another attractive biomimetic vaccine delivery strat-
egy is making use of the receptors on the surface of cells
surrounding lymph nodes, including endothelial cells and lympho-
cytes. Instead of passively draining into the lymph nodes, the
ligand-receptor interaction could actively drive the vaccine agents
to the lymph node targeting site, activating the potent immune
response. Using DCs as examples, 33D1 and CD205 receptors are
served as targets for antibody chaperones in vaccine delivery
[67–69]. These receptors are highly expressed on the surface of
DCs located in lymph nodes, and their corresponding antigens
could direct vaccine agents towards lymph nodes and further
Fig. 3. Design of the lymph nodes-targeted molecular adjuvant, amphiphiles-peptides, an
of amphiphiles -peptides. (C) Structure of G-quadruplex-stabilized CpG adjuvants and i
with permission from Ref. [64].
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enhance the antigen uptake ability of DCs to promote the immune
response (Fig. 2B). Also, for the high endothelial venules in lymph
nodes, peptides like MECA79 antibody, could guide vaccine agents
towards the draining lymph nodes [70]. Therefore, the strategy of
using receptors as targeting ligands for lymph node homing vac-
cine shows high potential and feasibility in the design of effective
vaccine delivery systems.
5. Preclinical vaccine delivery systems

5.1. Liposome-based vaccine delivery systems

Liposomes are bilayer membrane-based nanovesicles composed
of phospholipids and cholesterol, which have attracted much
attention in the field of drug delivery because of superior biocom-
patibility and encapsulation properties for a variety of cargoes [71].
With the long-circulating characteristics, the liposome-based vac-
cine delivery systems, including targeted liposomes, environmen-
tally responsive liposomes, and immunoliposomes, can efficiently
deliver antigens in various forms, including polypeptides, proteins,
and genes, providing a universal platform for vaccination [72–74].
The encapsulation in the vesicle structure of liposomes could pre-
vent antigens from the degradation by various biological enzymes
in vivo, thus ensuring the desired effectiveness of the vaccines. It is
also advantageous to deliver antigens from liposomes to APC cells
throughmembrane fusion, which improves the internalization effi-
ciency of antigens to enhance the immune activation [75]. There-
fore, with reasonable particle size control, liposome-based
vaccines can efficiently and stably deliver antigens to lymph nodes,
potentially addressing the challenges of weak targeting and low
immune efficacy of free antigens [76].

For liposome-based vaccine delivery, it is worth noting how
liposomes entrap antigens are essential for the immune activation
process. Lovell and co-workers mixed a recombinant malaria anti-
gen (Pfs25) with a polyhistidine tag (His-tag) and liposomes con-
taining cobalt porphyrin-phospholipid (CoPoP) to prepare
spontaneous nanoliposome antigen particleization (SNAP) [77].
The His-tag was inserted in the CoPoP bilayer through metal coor-
dination so that the antigen could be stably presented on the lipo-
some surface. This antigen-binding method ensured the serum
d CpG-DNA amphiphiles-vaccines. (A) Structure of amphiphiles-CpGs. (B) Structure
ts three-dimensional spherical micelle structure in aqueous solutions. Reproduced
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stability of SNAP during transport from the injection site to the
lymph nodes and further increased the antigen uptake by APC cells.
Compared with other commonly used adjuvants, SNAP performed
greatly in inducing a safe and durable immune response. Two key
points in liposome-based vaccine delivery system design are that
the way antigens are attached to liposomes has a particular impact
on the vaccine immune efficacy, and also the phospholipid struc-
ture of the liposomes has been demonstrated to affect the immune
activation pathway. Anderson and co-workers established a three-
dimensional multi-component combinatorial library of lipid mole-
cules and screened the optimal liposome structure for intracellular
delivery of mRNA antigens, including unsaturated lipid tails, dihy-
droimidazole linkers, and positive cyclic amine head [78]. The
mRNA antigen was bound to lipid carrier through electrostatic
action, and the cyclic amine structure promoted the vaccine to
induce the maturation of the APCs through the stimulator of inter-
feron genes (STING) pathway, showing a robust anti-tumor
immune effect (Fig. 4A-B). Besides traditional liposome-
structured vaccine delivery carriers, synthetic high-density
lipoprotein (sHDL) nanodiscs composed of phospholipids and
apolipoprotein A1-mimetic peptides, which have similar chemical
components with liposomes, could also serve as nanoplatforms for
the co-delivery of antigen peptides and adjuvants towards draining
lymph nodes (Fig. 5) [79]. Surprisingly, sHDL-assisted antigen and
Fig. 4. Liposome based vaccine delivery. (A) Schematic illustration of the screening and
synthesis library. Reproduced with permission from Ref. [78].
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adjuvant delivery could increase the accumulation of antigens
inside lymph nodes and further enhance the antigen presentation
on dendritic cells.

As mentioned above, the vaccine delivery from the injection site
to the lymph nodes includes transportation through the lymphatic
vessels and the blood vessels, which can be further classified into
direct transportation and hitchhiking transportation by APCs
[76]. The particle size, charge, and specific ligands of the carrier
have certain effects on maintaining the circulation stability of the
vaccine, avoiding the clearance by the endothelial reticulum sys-
tem, and enhancing the targeting ability toward lymph nodes.
Owing to the diversity of synthetic lipid structures, liposomes with
different properties and functions can be simply obtained by
changing the lipid structure components or physically/chemically
combining different lipids. This detachable carrier structure is con-
ducive to the study of the structure–activity relationship of lipo-
some vaccines, and the flexible adjustment of the liposome
vaccine formula is expected to meet the individual needs of clinical
vaccination. Meanwhile, the manufacturing process of liposomes is
relatively easy and quality-controllable, and the development of
microfluidic technology has created possibilities for obtaining lipo-
some vaccines with a uniform particle size that promote lymph
node targeting [80]. However, the relatively slow release rate of
the cargos from liposomes highlights the need for the design of
reaction of the lipid-based material. (B) Chemical Structures of the lipidoid in the



Fig. 5. Schematic illustration of the structure of sHDL nanodiscs and the lymph node targeting pathway of antigens and adjuvants-loaded sHDL nanodiscs, resulting in robust
anti-tumor therapeutic efficacy with the elicitation of robust antigen-specific CD8a + cytotoxic T-lymphocyte responses. Reproduced with permission from Ref. [79].
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lymph node environment-triggered drug release systems for anti-
gen presentation and improve overall immune efficiency.
5.2. Polymer-based vaccine delivery systems

Polymeric delivery systems consist of nano-solid particles,
nanogels, micelles, polymer vesicles, and core–shell nanoparticles
based on natural or synthetic polymeric materials [81–86]. The
surface of polymeric nanoparticles is rich in modifiable chemical
groups, which could be used to imitate the biochemical character-
istics of pathogens to trigger a potent immune response. Polymeric
nanoparticles have been applied to mimic pathogens for the pre-
vention and treatment of infectious diseases [87]. A lot of polymer
materials present good biocompatibility and negligible toxic side
effects in long-term use [88]. Notably, changing the molecular
weight, chemical or physical cross-linking degree, hydrophilicity
or hydrophobicity, and other polymers’ properties can easily opti-
mize its lymph node targeting ability and the dynamic features of
the loading and release of vaccines. Therefore, polymer-based vac-
cine delivery systems have great potential to activate immunity
effectively.

The key processes for vaccines to exert efficacy include the
enrichment of antigens to lymph nodes, internalization by APCs,
and cross-presentation. So far, almost all existing commercialized
vaccines that can effectively activate the immune response need
assistance from vaccine adjuvants, which unavoidably complicates
the composition of vaccines. To simply the vaccine delivery system,
Luo et al. constructed a polyethylene glycol-polymethacrylate-
based polymeric nanoparticle vaccine system (PC7A) (Fig. 6A-B)
[89]. Its 29 nm size was conducive to lymph node accumulation,
and the nitrogen-containing six-membered ring in its polymeric
structure promoted the cytoplasmic delivery of antigens through
the proton sponge effect and initiated the stimulator of interferon
genes (STING) pathway for immune cell activation, which signifi-
cantly suppressed the growth of B16-F10 melanoma and MC38
colon tumors. Collectively, incorporation of multifunctional poly-
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mers and simplification of vaccine delivery system could signifi-
cantly improve the vaccination efficacy and holds great promise
in clinical translation. Besides the vaccine delivery issues that hin-
der the vaccination efficacy, the penetration of the vaccines accu-
mulated in the lymph nodes is another determining factor for
potent immune response. To facilitate the vaccine penetration,
Schudel et al. proposed a two-stage delivery platform (OND-NP)
based on thiolated poly (propylene sulfide) (PPS) nanoparticles
and oxaboranediene (OND) linkers (Fig. 6C) [90]. The optimized
size of the vaccine delivery system allowed it to accumulate inside
lymph nodes after intradermal injection and then spread to the
deep lymph nodes after the degradation of OND. A small library
was established by incorporated OND-NPs with various OND likers
that could degrade at different timepoints, and the authors
screened the nanoparticle structure to optimize the delivery effi-
cacy and penetration capability of vaccines toward the lymph
nodes and the desired immune cells. Studies have also shown that
OND-NP with a programmable drug release rate can promote the
delivery and accumulation of CpG adjuvants. After intradermal
injection, it promoted the proliferation and activation of T cells, B
cells, and DCs in the draining lymph nodes and effectively inhibited
the development and metastasis of mouse EL4 lymphoma. The
polymeric nanoparticles with the capability of overcoming the
lymphatic and intra-lymph node transport barriers hold great pro-
mise for improving the immune effect of the therapeutic vaccine.

Another efficient polymer-based vaccine delivery system is
transdermal microneedle that can provide minimally invasive
administration of therapeutic agents [91,92]. Percutaneous
microneedles-based vaccination is usually effective because the
skin contains a more abundant network of antigen-presenting
cells, which are critical and straightforward for initiating the
immune response [93]. Due to the advantages of easy preparation,
painless injection, effective transdermal delivery, superior biocom-
patibility and degradability, polymer microneedles-based vaccina-
tion has become an important and popular approach for
transdermal vaccine delivery [94,95].



Fig. 6. Polymer-based vaccine delivery systems. (A) Schematic illustration of the chemical structure of the polymer and the delivery strategy of the polymer-based OVA
vaccine. (B) Specific CTL killing after activated by the polymer-based vaccine. Reproduced with permission from Ref. [89]. (C) Schematic illustration of the NP-OND
preparation and controlled release of furan-tagged cargos. Reproduced with permission from Ref. [90].
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Sullivan et al. reported a dissolving polymer microneedles patch
for vaccination to prevent influenza [96]. The microneedles were
fabricated by polymerization of a vinyl pyrrolidone monomer
within a microneedle mold, and the inactivated influenza virus
was loaded into the microneedles for vaccination. Robust humoral
and cellular immune responses were generated after the vaccina-
tion, as evidenced by the increased IgG titers and IL-4 and IFN-c
production. Recently, Tran et al. developed transdermal micronee-
dles to achieve programmable release of the vaccine payloads for a
single-dose vaccination [94]. The PLGA polymer-based micronee-
dles with vaccine cargos were inserted into the skin with multiple
burst releases profile over a long period of time (Fig. 7A). The
microneedle showed a core–shell structure, and vaccine agents
were encapsulated in the cap and base layers (Fig. 7B-C). To verify
the immunogenicity of the microneedle-based vaccine delivery
strategy, the microneedle patches were loaded with OVA and
inserted into the skin of rats. After 44 days, a strong anti-OVA
immune response was observed that was comparable to the con-
ventional multiple bolus vaccine injections. Moreover, after being
loaded with Prevnar-13, a clinically approved vaccine for the pre-
vention of Streptococcus pneumoniae related pneumonia, the
microneedle-based vaccine delivery strategy induced a similar
immune response compared to multiple subcutaneous bolus vacci-
nation and protected the rats against lethal bacterial infection.
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Many vaccines require multiple doses to complete the full
immunization, which may cause economic burden and low patient
compliance due to injection-related pain, relatively high cost, and
complex injection plan, which is more significant in economically
disadvantaged areas with insufficient medical resources [97]. In
order to simplify the vaccination, McHugh et al. developed a ‘‘3D
weaving” technology that used PLGA polymers to make a ‘‘core-
shell” microparticle, which can encapsulate a large number of vac-
cines [98]. The PLGA microparticles were formed through a micro-
fabrication method where the microparticle base was prepared
and subsequently capped after loading with vaccines through a
dispensing technique (Fig. 8A). After one-time injection into the
body, multiple release of vaccines can be achieved by precisely
controlling the degradation time of PLGA, which is equivalent to
the effect of multiple bolus vaccination (Fig. 8B). Specifically, the
core–shell particle-based vaccine delivery strategy can achieve
comparable immune activation with two boluses (200%) treatment
as evidenced by the longitudinal and peak antibody titers (Fig. 8C-
D).

The vaccine delivery system based on polymeric nanoparticles
shows unique advantages. First, the diversity of polymer structures
provides a basis for the realization of co-delivery of multiple
immune molecules [99]. The incorporation of environmentally
responsive components is expected to build a smart vaccine deliv-



Fig. 7. Microneedles based vaccine delivery. (A) Schematic illustration of the working mechanism of the microneedles-based vaccine delivery. (B) Optical image of the
microneedle patch. (C) Schematic illustration of the preparation of the vaccine-loaded microneedles. Reproduced with permission from Ref. [94].
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ery system based on the pathological characteristics of different
diseases [100]. Second, certain polymers can function as immune
adjuvants due to their immune modulation properties [89]. More-
over, the flexibility of designing polymeric nanoparticles through
adjusting size, rigidity, charge, and chemical composition pave a
facile way to optimize the effective vaccine delivery platform
[89,101]. Additionally, polymer-based microneedle vaccine deliv-
ery systems as a minimally invasive, painless, and effective vacci-
nation strategy will bring convenient vaccination experience to
patients [94,102]. Despite the great advances of polymeric
nanoparticle-based vaccine delivery systems, there are still several
bottlenecks limiting the clinical translation. For example, factors
such as organic solvents, temperature, or mechanical force in the
polymer preparation process may cause the degradation or denat-
uration of sensitive peptide/protein-based antigens [103]. Also, the
synthesis of polymeric materials is often complicated, which limits
the scale-up production, maintaining batch-to-batch repeatability,
and ensuring the clinical efficacy of polymeric systems based vac-
cination [104]. Moreover, whether the biological metabolites of
various polymers in the body can induce non-specific immune
responses still remains to be further verified. In addition, for the
polymer-based microneedle vaccine delivery systems, the batch
consistency, stability of the loaded vaccine, precisely controlled
vaccine release, and sterilization of the delivery system need to
be further improved to achieve wider application in the clinic.
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5.3. Cell-based vaccine delivery systems

The essential roles of APCs, especially professional DCs, in
vaccine-triggered immune system activation have been thoroughly
investigated from the emergence of vaccination, while an emerging
trend of applying DCs as vaccine delivery vehicles towards lymph
nodes to bypass the vaccine delivery and internalization by DCs
have attracted considerable interest [105]. Early studies have
shown that applying DC vaccines labeled with autologous tumor
antigens to patients with lymphoma can induce anti-tumor
immune responses and promote tumor regression [106]. At pre-
sent, a variety of DC vaccines such as HybriCell and CreaVax-RCC
have been approved for clinical application, and a large amount
of DC tumor vaccine products have entered clinical trials. The
preparation of tumor vaccines based on DCs involves the acquisi-
tion of DCs and the introduction of different forms of tumor-
associated antigens. The source of DCs includes the direct extrac-
tion or induced differentiation of monocytes, hematopoietic stem
cells isolated from peripheral blood [107]. Notably, reprogramming
of somatic cells is an emerging method of obtaining DC-like cells in
recent years, so-called induced DC technology. Fibroblasts have
been successfully reprogrammed into DC-like cells by inducing
the expression of key transcription factors in the development of
DCs [108]. Besides, the immune activation capability of the DC vac-
cine is limited by the absence of suitable cytokines to induce the



Fig. 8. Single injection vaccination strategy. (A) Schematic illustration of the preparation of the vaccine-loaded microparticles. (B) Schematic illustration of the single
injection of the microparticles and the pulsatile release profile of the antigens. (C) Antibody titers over 16 weeks and (D) peak antibody titers after vaccination. Reproduced
with permission from Ref. [98].

Y. Ding, Z. Li, A. Jaklenec et al. Advanced Drug Delivery Reviews 179 (2021) 113914
maturation of DCs [109], which requires the assistance of bioengi-
neering technologies such as RNA interference (RNAi), gene edit-
ing, and virus transduction to create conditions for enhancing the
antigen presentation ability and the overall immune mobilization
ability of DC vaccines [110–112]. For example, the introduction
of specific cytokine-related genes coding for Toll-like receptors
(TLR) and CD40L is of great significance to promote the maturation
of DCs [113]. Furthermore, the knockout of the YTHDF1 gene,
which is related to intracellular antigen degradation, has been
shown to improve the efficiency of antigen cross-presentation
and effectively suppress the growth of B16 melanoma and MC38
colon tumors [114]. The down-regulation of the immune check-
point PD-L1 ligand expression on the surface of DCs also helps
DC vaccines to efficiently prime T cells, while the upregulation of
the expression of CXCL9 and CCL21 is conducive to the recruitment
of a variety of immune cells [115–117]. It is worth noting that the
DCs-mediated vaccination immune response varies with the
source of DCs, highlighting the significance of designing the per-
sonalized DC vaccines [118].

The DC vaccine holds great promise to bypass several limiting
factors in antigen internalization and presentation, such as
11
in vivo cellular uptake of antigens, lysosomal escape, and transla-
tion of mRNA antigens. However, the preparation process of the
DC vaccine involves multiple biotechnology approaches with cer-
tain technical bottlenecks, which is more time-consuming and
expensive than traditional vaccines. More regrettably, the clinical
efficacy of the DC vaccine is not satisfactory with an objective
response rate (ORR) less than 15% [119]. A potential factor leading
to the low efficacy of the DC vaccine may be the compromised via-
bility of the modified DC cells. The application of biomaterials as
scaffolds for adoptive cells may address this issue [107]. For exam-
ple, DC vaccines coated by the fibrin gel could maintain good via-
bility, where a single injection showed equivalent efficacy to
multiple injections of free DC vaccine in inhibiting TC-1 tumors
[120]. Moreover, studies have shown that only 5% of intradermal
DC vaccines actually migrated to lymph nodes [121]. Yang et al.
accordingly further improved the lymph node targeting ability of
DC vaccine by up-regulating the lymph node homing factor CCR7
of DC vaccine [122]. Furthermore, combining DC vaccines with tra-
ditional therapy modalities such as chemotherapy and radiother-
apy or other immunotherapies, including immune checkpoint
suppression, could achieve better anti-tumor effects.
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5.4. DNA nanodevice-based vaccine delivery systems

In 1982, Nadrian Seeman proposed the concept of DNA nan-
otechnology, aiming to use the strong coding structural character-
istics of DNA to construct novel nanomaterials [123]. Later in 2006,
Rothemund et al. invented DNA origami, which has shown applica-
tion prospects in the fields of nano-optoelectronic devices and bio-
medicine [124]. DNA origami can be used to construct a smart
DNA-based drug delivery system that specifically recognizes and
responds to the nucleolin on the vascular endothelium to release
carried thrombin [82]. DNA nanomaterials based on molecular
self-assembly possess the characteristics of controllable size, facile
drug loading, cost-effective preparation, and biodegradability, pre-
senting excellent application potential in the targeted delivery of
vaccines to lymph nodes [125,126]. For example, Liu et al. used
nucleic acid molecular hybridization to co-load antigen peptides
and nucleic acid immune adjuvants (TLR3 agonist dsRNA and
TLR9 agonist CpG) into hollow DNA nanotubes to develop a tumor
vaccine (Fig. 9A-B) [127]. The loading ratio of the different compo-
nents is highly consistent with the grafting ratio of their nucleic
acid complementary strands on the DNA carrier. Moreover, the
vaccine can be efficiently enriched in the lymph nodes due to its
optimized size. Afterwards, the slightly acidic environment in
DCs opened the nucleic acid molecular lock responsively and
released the functional components, thereby inducing an
Fig. 9. Construction and working mechanism of the DNA nanodevice based vaccine. (A)
antigen peptide, dsRNA, CpG loops, and locking strands. (B) Schematic illustration of th
specific immune activation of the DNA nanodevice vaccine. Reproduced with permissio
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anti-tumor immune response and effectively suppressing MC38
colon cancer growth.

The DNA-based vaccine delivery system can co-deliver various
immune molecules, including antigens, adjuvants, and agonistic/
antagonistic antibodies, to achieve anti-tumor immunotherapy
by regulating the immune environment and promoting the interac-
tion of immune cells [128–130]. More importantly, the loading of
various immune molecules can be located and quantified, which
is conducive to the coordinated and on-demand release of antigen
and adjuvant spatiotemporally for enhanced vaccination efficacy
[67]. Besides, DNA origami development has enabled DNA nano-
materials to expand from flat structures to frames, curved surfaces,
and even other complex and ordered structures [131], providing a
basis for further exploration of the optimal geometry in lymph
node targeting. However, there are still substantial limitations for
DNA-based vaccine delivery systems. For example, the stimuli that
promote the unwinding of the DNA double-strand are limited
[127], making the responsive release mode of the vaccine relatively
less intelligent. Certain chemical modifications to DNA molecules
may further expand the development of responsive vaccine deliv-
ery systems based on DNA nanomaterials [132]. Besides, forming
hollow DNA nanotubes from a DNA flat plate does not have precise
winding directionality, which may expose the antigen/adjuvant on
the outer surface of the hollow tube, resulting in the degradation of
antigen/adjuvant by multiple enzymes in human bodies before
Preparation of the DNA nanodevice vaccine constructed by M13mp18 DNA, tumor
e lymph node targeting, acidic microenvironment responsive antigen release, and
n from Ref. [127].
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reaching the lymph nodes. Therefore, combining other physical or
chemical methods (such as increasing the difference in flexibility
between the inner and outer surfaces, etc.) to further control
DNA origami’s spatial directionality will help to better achieve
the safety and effectiveness of vaccine delivery. Finally, whether
the introduction of exogenous DNA sequences will induce unfavor-
able gene recombination and whether the biocompatibility of DNA
nanocomposites will change if mixed with other materials, remain
to be further elucidated to promote the clinical translation of DNA
nanodevice-based vaccine delivery systems [125].

5.5. Inorganic materials-based vaccine delivery systems

Inorganic nanoparticles, including gold nanoparticles, quantum
dots, carbon nanotubes, iron oxide nanoparticles, and silica
nanoparticles, are widely used in catalysis, optoelectronics, and
medical fields because of their excellent surface selective adsorp-
tion, good conductivity, special quantum size effect, and macro-
scopic quantum tunnel effect [133,134]. Moreover, investigation
of the underlying mechanism of innate immune regulatory proper-
ties of inorganic nanoparticles has become one of the new research
hotspots in the field of immunity [135,136]. Studies have shown
that inorganic nanoparticles with large specific surface area and
high specific surface energy can stably adsorb biomacromolecules
such as antigens, thus showing great application prospects in vac-
cine delivery [137].

Inorganic nanoparticle-based vaccine delivery systems can
enhance immune activation by promoting drainage of antigens to
the lymph node, uptake of antigens by dendritic cells, maturation
of dendritic cells, and antigen presentation (DUMP cascade)
[10,49]. Among them, mesoporous silicon nanoparticles (MSNs)
have become a class of excellent vaccine delivery vectors due to
their large surface area, easy modification, negative charge, and
hydrophilicity [138]. Hong et al. explored the effect of mesoporous
silica nanoparticles with different pore sizes (7.8, 10.3, and
12.9 nm) on the immune response of the vaccines [49]. The results
showed that the increase of mesoporous pore size promoted the
efficiency of MHC class I antigen presentation in the DUMP cascade
process and enhanced the potency of cellular immune response. It
is worth noting that silica nanoparticles with large pore size could
efficiently encapsulate complex antigens consisting of cell lysate
and cell membrane at the same time and induced a strong cellular
immune response against B16 melanoma without the assistance of
other adjuvants. Besides, the degradation rate of mesoporous silica
nanoparticles with large pore size was relatively faster, which
could promote the release of antigens in lymph nodes. Besides
the application in cellular immune response, vaccine delivery sys-
tems based on inorganic materials are also used in humoral
immune research mediated by antibody secretion. Similar to cellu-
lar immunity, effective humoral immune stimulation requires pro-
longing the retention time of antigens in dendritic cells to present
them to B cells in lymph node follicles [139]. Zhang et al. used gold
nanoparticles (AuNPs) to deliver the model antigen OVA into
lymph follicles and explored the influence of gold nanoparticles
size on the fate of antigen in lymph nodes [140]. Due to the
long-term retention effect in lymph nodes, the antigen delivery
of large-sized (50–100 nm) gold nanoparticles was 175 times
higher than that of small-sized (less than 15 nm) gold nanoparti-
cles, and the production of specific antibodies was also increased
by five times.

The wide range of sizes, various shapes and structures, and con-
trollable surface charge of inorganic nanoparticles are favorable for
their lymph node vaccine delivery. The easy modification of its sur-
face can support the co-delivery of multiple immune therapeutics,
and its considerable surface area can realize the efficient exposure
of antigens and other immune-related molecules [141].
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Meanwhile, the resistance of inorganic materials to general chem-
ical degradation can prevent the denaturation of biomacro-
molecules such as antigens attached or encapsulated and prolong
their half-life in vivo, which can promote the efficiency of antigen
presentation [137]. Moreover, inorganic nanoparticles also have
unique properties, including optical imaging functions and thermal
and magnetic properties [142,143], which provides a basis for the
combination of immunotherapy with photothermal therapy, mag-
netic resonance imaging, and other diagnostic and therapeutic
treatment modalities. However, only 10% of the nanoparticles
approved for clinical use nowadays belong to the category of inor-
ganic nanoparticles [144]. Compared with other materials, inor-
ganic nanoparticles are usually slowly biodegradable, imposing
significant concerns on their long-term in vivo application. Further-
more, some recent studies have pointed out that commonly used
inorganic nanoparticles such as titanium dioxide, silicon dioxide,
and gold nanoparticles can accelerate the infiltration and extrava-
sation of breast cancer cells after intravenous injection, increase
the degree of existing cancer metastasis and promote the emer-
gence of new tumor metastases [145].

5.6. Peptide/protein-based vaccine delivery systems

Due to good biocompatibility and relative accessibility, peptide/
protein based biological nanomaterials has been widely used in
nanoreactor, drug delivery, disease diagnosis, and vaccine develop-
ment [146–148]. The structure of peptide/protein biomacro-
molecules could be easily adjusted to control the loading and
release of vaccine and further be subtly designed for a better vac-
cine delivery system with the help of computation technology
[149,150]. Currently, viral-like particles (VLPs) and non-viral caged
protein nanoparticles (CPs) are investigated as protein-based carri-
ers for vaccine delivery [151]. VLPs retain the structure and confor-
mation of the virus but lack viral genetic materials, so that they do
not have the safety concerns like self-replication and strong
pathogenicity [152]. The proteins used for VLPs construction
mainly come from the capsid proteins of icosahedral plant virus
(such as cowpea mosaic virus CPMV) [153], baculovirus (such as
tobacco mosaic virus TMV) [154], and bacteriophage Qb [155].
Similar to VLPs, CPs are highly ordered and symmetrical, which
is composed of proteins from mainly heat-shock proteins [156],
bacterial E2 proteins [157], and ferritin [158]. Generally, the sizes
of these protein nanoparticles’ diameters are between 20 and
200 nm, which are suitable for efficient lymph node targeting.

The vaccine delivery systems based on the self-assembled pro-
tein carrier have emerged as an effective and safe vaccine strategy.
Wang et al. reported a hepatitis B virus (HBV) vaccine with both
preventive and therapeutic effects based on fireball ferritin carrier
(NP-PreS1) [159]. PreS1, as one type of HBV capsid protein, was
decorated on protein nanoparticles’ surface by using the Spytag-
Spycatcher protein assembly system. The NP-PreS1 was enriched
in lymph nodes after subcutaneous inoculation, and PreS1 was
delivered to specific bone marrow cells (SIGNR1+ dendritic cells
and SIGNR1+ macrophages) responsible for the recognition of var-
ious virus particles, further activating T follicular helper cells and B
lymphocytes. The vaccine could induce a high level and long-
lasting anti-PreS1 immune response and achieve sufficient virus
clearance and serological changes in the chronic HBV mouse
model. Escolano et al. developed an RC1 chimeric VLPs vaccine
(RC1-4fill VLPs) based on Spytag-Spycatcher protein assembly sys-
tem, which effectively activated B lymphocytes to express broad-
spectrum neutralizing antibodies precursor molecules in poly-
clonal repertoires in mice, rabbits, and rhesus monkeys [160].
The antibody produced by RC1-4fill VLPs could recognize the V3-
glycan patch on the envelope protein of HIV-1. RC1-4fill VLPs could
mask competitive non-targeted epitopes through the
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polymerization of RC1 on VLPs, thus minimizing competition into
germinal centers and promoting the production of specific anti-
bodies against the V3-glycan patch.

Protein-based vaccine vectors have optimizable lymphatic tar-
geting functionalities, providing a new platform for vaccine deliv-
ery. Employing gene fusion or covalent coupling, multiple
epitopes of antigens can be integrated into the protein carrier,
and then their immunogenicity and the immune responses can
be regulated. The fusion of some functional protein fragments with
antigenic peptides can further enhance their immune activation
effect. For example, conjugation of bacteria-derived proteins with
antigenic peptides can induce a strong local immune response
[161]. The coupling of the transmembrane peptide with antigenic
peptide can increase the cellular entry of antigen and improve its
delivery efficiency [162]. Inspired by the geometry and functional-
ity of virus, protein-based nanoparticles mimicking the virus after
incorporation of virus-related biological components may increase
APCs’ antigen uptake, leading to enhanced immunogenicity [151].
Although immunogenicity is one of the critical properties of vacci-
nes, antibody reaction based on the immune recognition of protein
vector itself may cause neutralization of vaccines. For example,
CPMV proteins induce specific IgG antibodies in vivo, leading to a
rapid clearance of the protein-based vaccines [163]. Modification
of the carrier with PEG or special membrane proteins such as
CD47 may avoid the non-specific clearance mediated by phago-
cytes and increase the plasma circulation time [164,165].

5.7. Virus based vaccine delivery systems

Over the decades, various viral vectors, including lentivirus,
retrovirus, adenovirus (AV), and adeno-associated virus (AAV),
have been used to transfer functional nucleic acids to cells and tis-
sues, among which lentivirus and retrovirus show the outstanding
capability to integrate their genes into the genome to achieve long-
term stable foreign genes expression. AAV is one of the most pow-
erful tools to study gene function in vivo because of its safety, low
immunogenicity, and long-term expression capability [166]. The
combination of AAV vector with transposon and CRISPR system
can achieve efficient gene editing of CD8 T lymphocytes and screen
several new targets for tumor immunotherapy [167]. AAV vector
can also be utilized to transfer CRISPR activation molecules to acti-
vate several specific target gene expression in vivo and improve the
effectiveness of immune recognition and immune clearance [168].
However, the capacity of AAV to carry foreign genes is limited
[169], which can be well compensated by AV. In addition, AV has
been widely used in gene transduction, gene therapy, vaccination,
and other fields due to its wide infection range, high infection effi-
ciency, easy operation, and no-host genome integration [170,171].
More importantly, the AV-based vaccine requires a shorter devel-
opment time than traditional inactivated and attenuated vaccines
[172], which is conducive to the rapid containment of infectious
diseases, including the COVID-19 pandemic.

The AV-based vaccine takes AVs as the carrier and recombines
the protective antigen gene into the genome of AVs, presenting
the antigenicity but no toxicity against the virus, to trigger specific
immune response. At present, a new type of AV-based coronal vac-
cine (Ad5-nCoV) has been authorized for use in China, Mexico, Pak-
istan [171]. The vaccine integrates the spike protein (S) gene of
SARS-CoV-2 into the genome of replication-deficient human AVs
type 5 (Ad5) to prevent SARS-CoV-2 infection. It is well known that
SARS-CoV-2 usually infects the body from the nasopharynx [173].
Although intramuscular injection can effectively activate systemic
immunity, it fails to eliminate local infection effectively. Therefore,
intranasal inoculation can provide immunity for the cells in the
nasal cavity and pharynx (Fig. 10) [174]. Similarly, Feng et al.
reported a codon-optimized AVs vaccine (Ad5-S-nb2), which
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achieved a one-month-long immune effect in mice and rhesus
macaques after a single vaccination [175]. Intramuscular inocula-
tion can induce systemic humoral and cellular immunity, while
intranasal inoculation has a weak effect on cellular immunity
[174]. Wu et al. further evaluated the immune effect of intranasal
injection of Ad5-nCoV [176]. Studies have shown that single intra-
nasal inoculation can effectively protect the upper and lower respi-
ratory tract from SARS-CoV-2 infection in mice.

Compared with inactivated or attenuated virus vaccines, nucleic
acid vaccines have unique vaccine development advantages, such
as the simple preparation process and short manufacture time
[177]. Viral vector-based vaccine delivery system can protect
nucleic acid antigens in vivo, overcome the biological barrier of
the multilayer cell membrane, and promote its transport to
antigen-presenting cells [178]. Also, viral vectors can be obtained
by cell culture in vitro with low production cost and easy industri-
alization. What is more exciting is that with advanced molecular
biology technology, viral vectors can be used as a general vaccine
platform for efficient delivery of antigen molecules to produce a
wide range of protective and strong immunity against a variety
of infectious diseases. However, there are still some deficiencies
in virus vectors. For example, most viral vectors are weak in dis-
ease site targeting, which may cause adverse reactions in normal
tissues and cells. Besides, some viral proteins can stimulate the
immune response, which will inevitably affect the first and subse-
quent immunization [179].
6. Clinical vaccine delivery systems

The ongoing novel coronavirus COVID-19 pandemic brings con-
siderable challenges to human health [180]. Correspondingly, the
vaccine research for the COVID-19 is also in full swing. In terms
of scale and speed, the global vaccine research and development
for the COVID-19 pandemic are unprecedented, bringing vaccine
research to a new climax [181]. The most representative one is
the BNT162b2 mRNA COVID-19 vaccine jointly developed by BioN-
Tech and Pfizer. On December 11, 2020, the US FDA authorized Pfi-
zer’s BioNTech COVID-19 vaccine to be used for active
immunization under an emergency use authorization to prevent
the COVID-19 pandemic caused by the SARS-CoV-2 virus (Table 1)
[182]. Besides, the mRNA-1273 vaccine, jointly developed by Mod-
erna and the National Institute of Allergy and Infectious Diseases
(NIAID) of the National Institutes of Health, is as effective as
94.1% in preventing COVID-19 infection according to the results
of phase III clinical trial [183]. Both vaccines utilize lipid materials
as the vaccine delivery systems, demonstrating the huge applica-
tion prospects of liposome delivery systems in vaccine develop-
ment [184,185]. Lipid-based vaccine delivery systems have also
shown broad application prospects in treating tumors and other
infectious diseases [186,187]. For example, the MPER-656 lipo-
some vaccine developed by NIAID to treat HIV infection is in phase
I clinical research, and the GLA-LSQ liposome vaccine developed by
NIAID to treat Plasmodium Falciparum Infections is also in phase I
clinical trial. Moreover, in the treatment of lung cancer, glioma,
ovarian cancer, and cervical cancer, lipid-based vaccine delivery
systems are in accelerating clinical research and development
[188,189].

Though there are existing side effects caused by most viruses to
human health, including SARS-COV-2, scientists gradually use the
virus to develop vaccine delivery systems [190]. Encouragingly,
in December 2019, the U.S. FDA announced the approval of Merck’s
Ervebo vaccine to be used to prevent Ebola virus disease caused by
Zaire ebolavirus infection in people over 18 years of age. Ervebo is a
genetically engineered live attenuated vaccine consisting of a mod-
ified vesicular stomatitis virus (VSV) as a carrier and an important



Fig. 10. Schematic illustration of the working mechanism of the adenovirus-vector based vaccine for SARS-CoV-2 by intramuscular delivery and intranasal delivery.
Reproduced with permission from Ref. [174].
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glycoprotein on the Ebola virus’s surface [191,192]. Meanwhile,
another promising virus-based vaccine for Ebola infections devel-
oped by Janssen Vaccines & Prevention B.V., Ad26.ZEBOV, is in
the Phase III clinical trial [193]. Several adenovirus-based vaccines
for COVID-19 have been approved for clinical application, includ-
ing Ad5-nCoV by CanSino Biologics Inc., AZD1222 by AstraZeneca,
Gam-COVID-Vac by Gamaleya Research Institute of Epidemiology
and Microbiology and Ad26.COV2.S by Johnson & Johnson, demon-
strating the tremendous clinical application potential of aden-
ovirus vectors in the field of vaccine delivery [171,194–196].
Besides, virus-based vaccine delivery systems for HIV infections,
hepatitis B infections, respiratory syncytial virus infections, tuber-
culosis, prostate cancer, and colorectal tumors are also in develop-
ment for clinical application [197–200].

As the key initiator of the immune response, DCs have also been
developed into vaccine delivery systems in clinical research [107].
In April 2010, Dendreon’s autoimmune cell therapy PROVENGE�

also known as Sipuleucel-T, was approved by FDA for the treat-
ment of castration-resistant (hormone-refractory) prostate cancer
(CRPC) as the first therapeutic tumor vaccine approved by FDA
[201]. Inspired by the success of PROVENGE�, many DC-based
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vaccine delivery systems have entered the clinical trials especially
for cancer treatment, such as Ad.p53-DC vaccines vaccine by H. Lee
Moffitt Cancer Center and Research Institute for small cell lung
cancer, PEP-DC vaccine by Centre Hospitalier Universitaire Vaudois
for pancreatic adenocarcinoma, DC/MM fusion vaccine by National
Heart, Lung, and Blood Institute for multiple myeloma, etc [202–
204].

Furthermore, Grippol� Plus assisted by polymer-based vaccine
delivery systems, is in Phase III clinical trial to treat influenza infec-
tions [205]. For peptide/protein-based vaccine delivery systems,
EBV gp350-Ferritin vaccine developed by NIAID is in Phase I clini-
cal trial for the treatment of Epstein-Barr Virus Infections. Other
delivery systems like inorganic materials-based vaccine delivery
systems and emerging DNA nanodevice-based vaccine delivery
systems are still under development towards clinical progress. Col-
lectively, for clinical studies of vaccines, despite the antigen forms
(protein, peptide, mRNA, or DNA), appropriate delivery systems are
essential for the stability, safety, and lymph node delivery effi-
ciency of vaccines [206–208]. The key to the future development
of vaccine delivery is to take advantage of the delivery system to
help the vaccine reach the lymph nodes and play a higher efficacy



Table 1
Clinical trials & FDA approved product of lymph node-targeted vaccine delivery systems.

Catalog Name Company/Sponsor Phase Disease

Liposome BNT162b2 Pfizer&BioNTech Approved
2020

COVID-19

CVnCoV CureVac AG Phase 3 COVID-19
mRNA-1273 ModernaTX, Inc. Phase 3 COVID-19
MPER-656 NIAID Phase 1 HIV Infections
BLP25 ECOG-ACRIN Cancer Research Group Phase 2 Lung Cancer
RNA-LP University of Florida Phase 1 Adult Glioblastoma
W_ova1 BioNTech Phase 1 Ovarian Cancer
GLA-LSQ NIAID Phase 1 Plasmodium Falciparum Infections
PDS0101 M.D. Anderson Cancer Center Phase 2 Cervical Cancer

Polymer Grippol� Plus NPO Petrovax Phase 3 Influenza Infections
DC cell PROVENGE� Dendreon Approved

2010
Prostatic Cancer

DC/AML vaccine Dana-Farber Cancer Institute Phase 2 Acute Myelogenous Leukemia
DC/MM fusion vaccine NHLBI Phase 2 Multiple Myeloma
Ad.p53-DC vaccines H. Lee Moffitt Cancer Center and Research Institute Phase 2 Small Cell Lung Cancer
PEP-DC vaccine Centre Hospitalier Universitaire Vaudois Phase 1 Pancreatic Adenocarcinoma
HER-2 pulsed DC vaccine H. Lee Moffitt Cancer Center and Research Institute Phase 1 Breast Cancer
MIDRIX4-LUNG DC vaccine University Hospital, Ghent Phase 1 Non-small Cell Lung Cancer
DC1 vaccine Roswell Park Cancer Institute Phase 2 Cancer of Prostate
MART-1 peptide DC
vaccine

Jonsson Comprehensive Cancer Center Phase 2 Melanoma

nDC vaccine Radboud University Phase 3 Melanoma
DC vaccine Oslo University Hospital Phase 3 Glioblastoma

Peptide/
protein

EBV gp350-Ferritin vaccine NIAID Phase 1 Epstein-Barr Virus Infections

Virus ERVEBO� Merck Approved
2019

Ebola Infections

Ad5-nCoV CanSino Biologics Inc. Approved
2021

COVID-19

AZD1222 AstraZeneca Approved
2020

COVID-19

Gam-COVID-Vac Gamaleya Research Institute of Epidemiology and
Microbiology

Approved
2020

COVID-19

Ad26.COV2.S Janssen Vaccines & Prevention B.V. Approved
2020

COVID-19

Ad26.ZEBOV Janssen Vaccines & Prevention B.V. Phase 3 Ebola Infections
Ad26.Mos4.HIV Janssen Vaccines & Prevention B.V. Phase 3 HIV Infections
ChAdOx1-HBV Vaccitech Limited Phase 1 Hepatitis B Infections
Ad26.RSV.preF Janssen Vaccines & Prevention B.V. Phase 2 Respiratory syncytial virus

Infections
Ad5Ag85A McMaster University Phase 1 Tuberculosis
ChAdOx1-MVA 5 T4 University of Oxford Phase 2 Prostate Cancer
Ad-CEA NCI Phase 2 Colorectal Tumors

Table 2
Summary of the vaccine delivery systems towards lymph nodes. LN: lymph node; OVA: ovalbumin; CPG: 50-C-phosphate-G-30 .

Vaccine delivery
systems

Antigen type Administration routes Delivery efficiency Disease type

Liposome Recombinant Pfs25 Intramuscularly Enhanced several-fold Malaria [77]
Liposome mRNA Subcutaneously Induced protein expression Tumor [78]
Lipoprotein Antigens and CpG Subcutaneously Increased LN accumulation Tumor [79]
Polymer OVA Subcutaneously Efficient LN accumulation Tumor [89]
Polymer Prevnar-13 Microneedle insertion Controlled antigen release Pneumonia [94]
Polymer Inactivated influenza virus Microneedle insertion Efficient LN immune activation Influenza [96]
Cell Hybrid cells Intradermal

Immunization
Immune function recovery Tumor [214]

DNA nanodevice Tumor antigen peptide/CpG loop/
dsRNA

Subcutaneously Enhanced antigen-fluorescence signals in LN Tumor [127]

Inorganic materials OVA Subcutaneously Much greater extent in LN Tumor [49]
Peptide/protein preS1 Subcutaneously Mainly captured by SIGNR1+ DCs and

macrophages in LN
Chronic hepatitis B
[159]

Virus Prefusion stabilized spike protein Intramuscularly/
Intranasally

Protecting upper and lower respiratory tracts SARS-CoV-2 [174]
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at a same or lower dose to reduce the systemic toxic and side
effects. Personalized vaccine delivery systems based on gene tech-
nology, virology, and cell biology will play a critical role in disease
treatment and prevention towards precision medicine, including
cancer and infectious diseases [209,210].
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7. Conclusion and outlook

The discovery and successful development of vaccines is a mile-
stone in human history to activate the body’s immune system
fighting against various types of human diseases. Notably, as the
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main immune regulating tissues, the lymph node is widely dis-
tributed in the human body and plays an essential role in the
immune system [211,212]. Therefore, the delivery of antigens
towards lymph nodes is critical for the achievement of better vac-
cination efficacy. However, free vaccine administration is suffering
from the low targeting efficiency of antigens towards lymph nodes,
resulting in a higher dose needed to take desired effect, which
potentially causes systemic or local side effects [213]. Thus, the
lymph node targeting ability of vaccine delivery systems urgently
needs to be further developed and improved.

The vaccine delivery systems currently developed in preclinical
and clinical studies include various vaccine systems based on lipo-
somes, polymers, cells, inorganic materials, DNA, peptides/pro-
teins, and virus-based vaccine delivery systems (Table 2)
[49,78,89,114,152,174,215]. Compared with free antigen-based
vaccination, the design of the vaccine delivery systems can effec-
tively improve the targeting ability and delivery efficiency of anti-
gens towards lymph nodes, and increase the controllability and
biosafety of the vaccines. Different delivery systems often use
selected administration routes and exhibit different lymph node
targeting capabilities based on the unique designing and properties
of the carriers. For example, liposome-based vaccine delivery sys-
tems can be injected intramuscularly or subcutaneously [77].
While the polymer-based vaccine delivery systems can usually
be injected subcutaneously, or it can be made into microneedles
for delivery through non-invasive microneedle insertion [89,94].
As for inorganic materials-based vaccine delivery system,
protein/peptide-based vaccine delivery system and DNA nanode-
vice materials-based vaccine delivery system can also be delivered
by subcutaneous injection [127]. For different delivery systems or
even unified delivery systems, the administration route depends
on the demand of disease treatment, delivered antigens and the
specific structure of the carriers. For example, to develop a single
dose vaccine for patient compliance improvement, microneedle
and micro-fabricated particles have been developed with a pul-
satile release profile after subcutaneous injection [96,98]. Further-
more, for virus-based delivery systems in the treatment of lung
diseases such as COVID-19, compared with intramuscular injec-
tion, a single dose of intranasal delivery achieved high levels of
immune activation and superior COVID-19 protection [174].

It is worth noting that the full protective immunity usually
requires multiple vaccine injections, which will bring increasing
difficulties for full vaccination and decrease the compliance of
patients due to increased injection pain. Particularly, in some
developing countries, the limited medical resources and patient
access significantly hampered the patients from getting necessary
protective immunity against infectious diseases, which is more
vital under the context of COVID now [97,216]. Thus, replacing a
multiple-dosing vaccine with a single injection vaccine with com-
parable or better vaccination efficacy will be of great significance in
fighting infectious diseases globally, which is more impactful in
developing countries with resource-poor setting by increasing vac-
cine coverage. To accomplish single injection vaccine, controlled
vaccine release systems have been developed to achieve long-
term vaccine release, while the mechanistic study revealed that
sustained and slow vaccine release induced rapid elution of anti-
gens from adjuvants in vivo [217,218], diminishing the immune
response and subsequent protective immunity. Recently, vaccine
delivery system with pulsatile-release profile, which could release
loaded vaccines at pre-set time points mimicking the multiple
bolus vaccine dosing plan, has been developed, showing compara-
ble vaccination efficacy with multiple bolus injections. The micro-
fabricated particles and microneedle patch, where the release time
of loaded vaccine could be precisely controlled by degradation of
polymers, have been designed for single injection vaccination
[94,96,98]. However, there are still challenges in applying this
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polymer-based single vaccine delivery systems. The gradual degra-
dation of polymers will generate unfavorable environment for
encapsulated vaccine, potentially deactivating the vaccine. For
instance, the activity of pH-sensitive vaccine encapsulated in
PLGA-microparticles will be impacted during the degradation of
PLGA generating acidic environment [219]. Also, the majority of
vaccine in the single vaccine delivery system displays a burst
release as proposed, while there is still basal release of vaccine dur-
ing the degradation of delivery system, which potentially causes
diminished immune response. In addition, the intervals between
vaccine dosing regimens are usually set for few weeks to few
months, which put forward significant challenges in protecting
vaccine activity in vivo [220]. Collectively, vaccine-friendly poly-
mers with better biocompatibility and vaccine protection against
environment, and more precise control on pulsatile-release fashion
will be key for the development of single injection vaccine.

Although outstanding achievement has been made so far in the
field of engineered lymph node targeting delivery systems for vac-
cine treatments by adjusting the particle size, surface charge,
hydrophobicity, and targeting ligand conjugation, currently, there
are still challenges that need to be addressed further to improve
the delivery efficacy vaccine agents: 1) Liposome materials have
shown good application prospects in pre-clinical and clinical vac-
cine development. However, the rapid leaking of antigens from
liposome led by liposome-lipoprotein interaction during the blood
circulation largely limits the intravenous administration of lipo-
somes [221]. 2) The biosafety and immunomodulation capability
of biomaterials themselves should be thoroughly investigated. 3)
Although the new DNA nanodevice has demonstrated vaccine
delivery efficacy and disease control outcomes, The stability of
the delivered antigens and consistency of treatment efficacy
should be studied particularly for potential clinical application. 4)
Inorganic nano-vaccine delivery system has shown strong loading
efficacy in preclinical research, but its biodegradability brings sig-
nificant challenges to the on-demand release of encapsulated anti-
gens and raises long-term safety concerns. 5) The immunogenicity
of the protein carrier itself will reduce the specificity of the
immune response activated by the antigens, thus limiting the
in vivo retention and persistence of vaccine delivered by protein
carriers. 6) The targeting ability and quality control of viral vectors
need to be further improved to avoid systemic side effects on nor-
mal cells. Besides vaccine systems mentioned above, although
other innovative vaccine delivery systems like T cell-based vaccine
delivery are attracting significant attention, the quality of T cells
after vaccination and difficulties of manufacturing hinder its clini-
cal application [222,223]. What is more, the emerging new vaccine
agents including mRNA vaccines and virus-based vaccines, put for-
ward higher requirements for the applicability of current existing
delivery systems to maintain equivalent lymph node targeting effi-
cacy. Therefore, based on the current state of lymph node targeting
vaccine delivery systems, several improvements could be made to
overcome existing limitations. First, it is crucial to deeply under-
stand unknown physiological mechanisms of vaccine delivery in
the human body in order to design a better delivery system with
enhanced targeting efficiency on account of the biological features
of lymphatic systems. Also, a more solid study of how the proper-
ties of immune systems change in different disease models is nec-
essary, which could potentially influence targeting vaccine delivery
through the lymphatic system and its retention time in lymph
nodes. Moreover, innovative bio-inspired vaccine delivery systems,
for example, dendritic cell-based cancer vaccines, show a great
potency of better therapeutic efficacy, which might serve as good
biocompatible delivery platforms to achieve lymph node targeting
[224].

Overall, the improvement and innovation of lymph node target-
ing vaccine delivery systems are critical for preventing and treating
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human diseases. Though the existence of difficulties faced by the
design of vaccine delivery systems, the adjustability and design
flexibility in the various vaccine carriers make it possible to pro-
mote the targeting ability of vaccination towards lymph nodes.
With the development of genetic engineering, bioengineering,
and chemical engineering, more new inventions of lymph node tar-
geting vaccine delivery systems would occur with the integration
of contributions from various disciplines, and the vaccine delivery
systems will be further optimized and become the leading means
of personalized treatment and preventive approach in the future.
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