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a b s t r a c t

Adjuvants enhance and prolong the immune response to therapeutic agents, such as drugs and vaccines.

However, conventional adjuvants have limitations in terms of immune specificity and duration. Nanoadju-

vants can leverage their nanoscale size to increase the capture efficacy of antigens by antigen-presenting

cells and improve immunogen presentation for targeted delivery. Furthermore, noninvasive visualization

of bifunctional nanoadjuvants with integrated efficacy and imaging postdelivery can provide insights into

in vivo distribution and performance, aiding in the optimization and design of new dosage forms. This

review systematically summarizes the structure, assembly, and function of nanoadjuvants alongside con-

trast agents. It delves into the impact of complex structures formed by nanoadjuvant-contrast agent in-

teractions on antigen presentation, migration, imaging tracking, and visualization of immune cell recruit-

ment. It also discusses how imaging can determine optimal immune intervals, vaccine safety, and toxicity

while enabling diagnostic and therapeutic integration. Moreover, this paper discusses potential applica-

tions of novel adjuvants and promising imaging technologies that could have implications for future vac-

cine and drug development endeavors.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Vaccines work by safely exposing the immune system to parts

or weakened forms of pathogens, triggering an immune response

without causing disease [1,2]. This activates two key branches of

immunity: humoral immunity, where B-cells produce antibodies

to neutralize pathogens, and cellular immunity, where T-cells help

coordinate the response and kill infected cells [3–5]. Specialized

immune cells present vaccine antigens to helper T-cells, which

then stimulate B-cells and cytotoxic T-cells to respond. Importantly,

vaccination also generates memory B and T cells, enabling faster

and stronger immune responses upon future exposure to the same

pathogen [6,7].
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Adjuvants play a pivotal role in the efficacy of vaccines, en-

hancing immune responses with reduced antigen doses and a de-

creased number of vaccinations [8–10]. Among the adjuvants ap-

proved by the Food and Drug Administration (FDA), including alu-

minum salts [11,12], MF59, AS03, AS04, CpG 1018, QS-21, and viro-

somes [13–16], each adjuvant functions through a distinct mecha-

nism to stimulate antibody production and immune sensitization.

Recent advancements have led to the development of nanoadju-

vants, which offer distinct advantages in antigen delivery and pre-

sentation, particularly to dendritic cells (DCs) and macrophages

[17]. Targeted delivery systems guided by major histocompatibil-

ity complex (MHC)-II molecules have been shown to improve DCs

uptake efficiency to 92.3% ± 5.1% [18]. Concurrently, the integra-

tion of near infrared (NIR)-II imaging probes has enabled real-time

visualization of macrophage recruitment with temporal resolution

under 30min [19].

The advent of nanotechnology has led to the development of

nanoadjuvants [20], which represent a novel class of adjuvants dis-

tinguished by their precise size, shape, and surface characteristics.

https://doi.org/10.1016/j.cclet.2025.111608

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Table 1

Structure, assembly and function of the nanoadjuvant-contrast agent complex.

Material Contrast agent Nanoadjuvant Imaging Structure Assembly

method

Function Ref.

Organic molecular

materials

Gd CAF01 MRI Liposome Film method Vaccine [24]

Iodine R837 CT Sphere Self-assembly Tumor [29]

Alexa488 Poly(I:C) FI Nanofiber Self-assembly Chemical

modification

[30]

MTRIPS; DOTA;
64Cu

mRNA PET-CT – Self-assembly mRNA vaccine [31]

Radioactive

materials

[18F]FDG CpG PET – – Tumor [32]

99mTc αGC SPECT/CT – – mRNA vaccine [33]

Inorganic

nanomaterials

Au NPs CpG FI Biomimetic

materials

In situ

reduction

Tumor [34]

GQDs Al FI/USI Zero-

dimensional

nanomaterial

Chemical bond Imaging [35]

Fe Mn2+ MRI 3D diamond Gas diffusion

method

Vaccine [36]

Organic-inorganic

hybrid materials

FITC AI FI MOF Self-assembly Inhaled vaccine [37]
111In; 67Ga CAF01 SPECT/CT – Chemical

modification

Vaccine [38]

Biomaterials 64Cu mAb PET – Self-assembly Vaccine [39]

Other materials Copper chelator

DOTA-NHS ester;

Alexa Fluor 647

CpG PET/MRI – Solid-phase

synthesis

Vaccine [40]

Nonablative diode

laser and 5 %

imiquimod cream

Imiquimod

cream+ laser

Laser confocal and

multiphoton

microscopy techniques

– Laser radiation Vaccine [41]

These characteristics facilitate cellular uptake and targeted deliv-

ery, enhancing the immune response to antigens. The design of

nanoparticles (NPs) allows for the controlled release of antigens,

potentially diminishing the need for multiple vaccinations. The sur-

face modification of NPs allows for the selective induction of de-

sired immune responses, thereby enhancing their immunogenic

potential. Beyond their primary use, nanoadjuvants hold promise

for diagnostic imaging and therapeutics, streamlining vaccine pro-

duction and reducing costs.

Their application extends to multimodal imaging, a technique

that visually tracks antigen distribution in vivo and aids in the re-

finement of adjuvant properties, spearheading the progress of pre-

cision medicine [21–23]. These imaging techniques provide real-

time monitoring of immune engagement and vaccine dissemina-

tion, which are key to evaluating safety and efficacy. Consequently,

this investigation examines the multifaceted roles of nanoadju-

vants, from their structural integration with imaging agents to

their contribution to immune response optimization and safety as-

sessment, culminating in their potential to unify diagnostic and

therapeutic modalities.

2. Structure and assembly of nanoadjuvants and contrast

agents

Nanoadjuvant-contrast agent conjugates are multifunctional

complexes that integrate the fields of nanotechnology, drug deliv-

ery, molecular imaging, and immunology. These conjugates lever-

age the immunostimulatory effects of nanoadjuvants in conjunc-

tion with the enhanced imaging capabilities of contrast agents.

These conjugates hold considerable promise for applications in

the diagnosis, treatment monitoring, and vaccine development for

various diseases, including cancer. Engineered at the nanoscale,

nanoadjuvants are adept at mimicking pathogen size and shape,

enabling sustained antigen release and optimizing antigen delivery

to cellular and humoral immune components.

Different types of contrast agents are used for other imag-

ing techniques, such as X-ray/computed tomography (CT), mag-

netic resonance imaging (MRI), and positron emission tomogra-

phy (PET). In nanoadjuvant-contrast-agent conjugate materials, the

nano-adjuvant carrier can be conjugated to the contrast agent

to provide composites capable of practical real-time imaging and

stimulation of a specific immune response. Critical synthesis pa-

rameters:

(a) Size control. Lipid NPs (LNPs): Prepared via thin-film hydra-

tion method with post-sonication and annealing yields 132–

155nm particles [24]. Metal–organic frameworks (MOFs): mod-

ulator concentration (e.g., 10mmol/L acetic acid) tunes zeolitic

imidazolate framework-8 (ZIF-8) size from 50nm to 200nm

[25].

(b) Surface modification. MOFs: Post-synthetic ligand exchange

(e.g., polyethylene glycol (PEG)-NH2 incubation 24h) achieves

90% coating density [26]. Inorganic NPs: citrate stripping+Toll-

like receptor (TLR)-agonist conjugation via ethyldimethylamino-

propyl carbodiimide/N–hydroxy succinimide (EDC/NHS) chem-

istry (molar ratio 1:1.5) [27,28].

(c) Contrast integration. Gd3+ doping in MOFs: 5–15wt% optimal

for MRI contrast without crystal distortion [24].

Nanoadjuvant-contrast agent conjugates are commonly catego-

rized by material as shown in Table 1 [24,29–41].

3. The temporalization strategy of adjuvants

Multimodal imaging, incorporating MRI, PET, CT, and optical

techniques, is pivotal for developing new vaccines and therapeu-

tic interventions. These imaging tools (Fig. 1) facilitate the in vivo

tracking of antigen-adjuvant interaction, distribution, and cellular

uptake, providing insights essential for enhancing adjuvant design

and precision medicine. These imaging techniques [42–45] facili-

tate the observation of the kinetics of immune cell activation and

migration, thereby supporting the development of customized vac-

cination strategies and providing insights into immune processes.

This imaging is vital for evaluating the safety and toxicity of adju-

vants, with the ability to detect adverse responses early. Moreover,

integrating diagnostics and therapeutics via multimodal imaging

signifies a paradigm shift towards precision vaccinology and im-

munotherapy, facilitating disease detection, monitoring, and as-

sessment of treatment efficacy. Continued imaging exploration in
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Fig. 1. Advances in multimodal imaging for nanoadjuvants.

Fig. 2. Antigen presentation process of adjuvants. (A) Essential uptake pathways of

antigens (e.g., endocytosis and phagocytosis) by APCs induce immune responses. (B)

Schematic of how APN–CpG activates DCs and macrophages in LNs. C57BL/6 mice

were injected in the footpad with 25μL of the indicated formulations, and popliteal

LNs were isolated for analysis at the indicated time points. (C) Representative con-

focal laser scanning images showing BMDCs cultured for different periods with

FITC-APN (green); lysosomes were stained with LysoTracker Red (red). Nonoverlap-

ping green and red signals indicate lysosomal escape of APN (white arrow). Scale

bar: 5 μm. Reproduced with permission [48]. Copyright 2017, John Wiley and Sons.

adjuvant research will refine our immunological knowledge and

catalyze advancements in clinical applications.

3.1. Imaging tracer nanoadjuvants for antigen presentation

Multimodal imaging technology allows researchers to dynami-

cally track the uptake and delivery of antigens in vaccines, helping

to gain a deeper understanding of vaccine mechanisms to optimize

vaccine design. Specialized NPs enhance the immune response

and modulate antigen distribution and lymph node (LN) migra-

tion in the body to stimulate a robust immune response. Nanoad-

juvants interact with antigen-presenting cells (APCs) through four

key steps: antigen uptake, processing, presentation and immune

activation. Nanoadjuvants promote more efficient phagocytosis of

antigens by APCs. Antigens are processed within APCs and then

presented to T cells via MHC molecules, which activate T cells and

their subsequent immune functions (Fig. 2A). Activated B cells are

then transformed into antibody-producing plasma cells. Moreover,

some B and T cells form memory cells that provide long-term im-

mune memory. These processes provide the basis for initiating and

developing immune responses and offer critical insights for devel-

oping vaccines and immunotherapies. Imaging techniques such as

fluorescence microscopy [46], flow cytometry, and in vivo imaging

can be used to visualize the interactions between APCs and T cells

and follow the distribution and kinetics of vaccine components in

vivo [47].

CpG-ODN, a prototypical TLR9 agonist, serves as a common ad-

juvant to exemplify how TLR agonist delivery platforms overcome

limitations of free agonists (e.g., rapid clearance, off-target toxicity).

Jiang et al. achieved effective antigen (ovalbumin, OVA) and adju-

vant (CpG ODN) adsorption and LN-targeted delivery via the use of

polyethylene glycol derivative (PEG-poly(AGE-Suc))-stabilized alu-

minum hydroxide nanoparticles (APNs) as carriers [48]. These neg-

atively charged NPs with a size of less than 90nm were monodis-

perse in an aqueous solution, and in vivo behavioral tracking was

achieved via fluorescein isothiocyanate (FITC) labeling. APN–CpG

was able to activate APCs efficiently in the draining LNs. When the

effect of APN–CpG on the activation of APCs in the LNs was exam-

ined (Fig. 2B), it was found that APNs with a size of approximately

85nm were able to efficiently reach the draining LNs, where they

remained at relatively high concentrations for more than 24h. The

ability of APN–CpG to activate APCs in the draining LNs, includ-

ing mature DCs and macrophages, was further demonstrated, in-

ducing the production of the cytokines interleukin-12 (IL-12) and

tumor necrosis factor-α (TNF-α). In addition, this step of adju-

vant escape from the lysosome after phagocytosis by APCs is crit-

ical for further processing of the antigen. Since lysosomes con-

tain enzymes that degrade substances, if antigens are trapped in

lysosomes, they may be degraded and not effectively presented

to the immune system. Once the antigen escapes the lysosome

and enters the cytoplasm, it can be further processed into pep-

tides. These peptides can bind to MHC class I molecules and be

presented to CD8+ T cells on the cell surface, stimulating a cel-

lular immune response. Confocal laser scanning microscopy (Fig.

2C) revealed that when LysoTracker Red was used to visualize the

lysosomes of bone marrow-derived dendritic cells (BMDCs), sep-

arate fluorescence of APNs (green) and lysosomes (red) was ob-

served, suggesting that the displayed APNs can escape from intra-

cellular lysosomes and facilitate antigen cross-presentation. These

findings indicate that APN–CpG is an efficient vaccine delivery sys-

tem that significantly promotes the activation of cellular immune

responses.

Zupančič et al. introduced a poly(lactic-co-glycolic acid) (PLGA)-

based nanoparticle system combining several excipients that effi-

ciently delivers antigens and adjuvants to DCs to enhance the im-

mune response [49]. These NPs are less than 200nm in size and

have a near-neutral surface charge, allowing their morphology to

be observed via atomic force microscopy imaging and protein load-

ing to be optimized via different strategies. The effects of surfac-

tants on the physicochemical properties and stability of the NPs

were also investigated. Multispectral cellular imaging technology

helps to accurately understand and quantify intracellular molecular

dynamics at the single-cell level, facilitating a deeper understand-

ing of intracellular signaling mechanisms.

Nanoadjuvants significantly enhance antigen retention, extend-

ing residence time by more than 20-fold compared to alum ad-

juvants [50,51]. This process can be divided into three phases:

phase 1 (0–6h), characterized by 92.3% retention of nanocarri-

ers at the injection site versus 45.2% for free antigen; phase 2

(6–72h), during which sustained antigen release to LNs occurs

with a rate constant (k) of 0.08h−1; and phase 3 (>72h), in-

volving biodegradation-mediated clearance that coincides with im-

mune memory establishment. This combination of nanosystems

and imaging techniques may lead to new insights into vaccine de-

velopment and cell biology research. To indirectly monitor anti-

gen presentation via other imaging modalities, cells were ana-

lyzed via fluorescence-activated cell sorting (FACS) Canto II and

FlowJo software, which allows the detection of cells associated

with antigen presentation, such as DCs expressing markers such as

CD11c, CD80, CD86, MHC-II, and CD40. In addition, T-cell responses

[52], which usually change after antigen presentation, were also

assessed.
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Table 2

Comparative analysis of imaging modalities for nanoadjuvant tracking.

Technique Resolution Sensitivity Depth Radiation risk Real-time capability Key limitation

MRI 10–100 μm Low (μmol/L–mmol/L) Unlimited None Minutes Long acquisition (>30min)

PET 1–2mm High (pmol/L–nmol/L) Unlimited High Minutes Requires radiolabeling

SPECT 1–2mm Moderate (nmol/L) Unlimited Moderate Minutes Lower resolution than PET

CT 50–200 μm Low (mmol/L) Unlimited Moderate Seconds Poor soft-tissue contrast

Fluorescence Visible 1–5 μm Moderate (nmol/L) <1 mm None Milliseconds Minimal tissue penetration

NIR-I 5–20 μm Moderate (nmol/L) 2–5mm None Milliseconds Autofluorescence interference

NIR-II 20–50 μm High (pmol/L) 5–20mm None Milliseconds Quantitative accuracy challenges

Ultrasound 50–500 μm Low (mg/mL) 5–20 cm None Milliseconds Requires microbubble contrast agents

3.2. Migration and imaging tracking

With advances in imaging technologies, researchers can now

understand the behavior of vaccine adjuvants in the body. These

techniques provide detailed information about the location, distri-

bution, and cellular interactions of adjuvants within an organism,

allowing assessment of adjuvant safety, efficacy, and role in elic-

iting an immune response. Imaging strategies vary in sophistica-

tion, including whole-body imaging (e.g., MRI, PET, and CT scans),

organ imaging, and cellular/molecular level techniques (e.g., fluo-

rescent labeling). These techniques have helped researchers reveal

the function and dynamics of nanoadjuvants at the global and local

levels.

The selection of imaging modalities requires a careful balance

between spatiotemporal resolution and biological safety. PET en-

ables sensitive detection of over 100 immune cells with ∼95% sen-

sitivity, although cumulative radiation exposure must be limited

to below 10 mSv per study [53]. MRI offers sub-millimeter spa-

tial resolution suitable for visualizing DC clusters but necessitates

high doses of contrast agents, typically exceeding 0.1mmol Gd/kg

[54]. A clinical decision framework summarizing these trade-offs is

detailed in Table 2 [53,55–58].

3.2.1. Vaccines

The vaccine distribution in nonhuman primates was monitored

noninvasively via 64Cu- and DyLight 680-labeled probes. The vac-

cine used in the study, MD39 NPs, was prepared by fusing a sta-

bilized trimeric protein of acquired immune deficiency syndrome

(HIV)-1 with archaeal ferritin and labeled with a copper chela-

tor as well as an Alexa Fluor 647 antibody-labeled kit (Fig. 3A).

Figs. 3B and C show that a large pool of MD39 NPs remained near

the injection site 24h after immunization (∼60% of the injected

dose). The antigenic signal was attenuated or remained approxi-

mately constant in the LNs, as evidenced by antigen aggregation,

and no further aggregation was detected in more distal LNs. Sig-

nificant uptake of the nanoparticle antigen was detected in sev-

eral inguinal, external iliac and common iliac LNs. The qualitative

biodistribution of the MD39 NPs remained unchanged at 48h after

immunization. Antigenic signaling decreased or remained nearly

constant in the LNs, indicating antigenic aggregation, with no fur-

ther aggregation detected in more distal LNs. This study demon-

strated that LN antigen accumulation is critical for vaccine effi-

cacy and effectively monitors vaccine and adjuvant migration and

biodistribution in humans and large animals. Scientists successfully

tracked the distribution of the HIV outer membrane trimeric pro-

tein nanoparticle (trimer-NP) vaccine and its lipid-conjugated CpG

adjuvant (amph-CpG) in vivo via a combination of PET and whole-

tissue fluorescence imaging (FI) [40]. The results revealed that the

vaccine components rapidly aggregated in LNs up to 17 cm from

the injection site and significantly accumulated near the follicu-

lar dendritic cell (FDC) network of the B-cell region. This study

demonstrated the potential of nanovaccines to enhance the im-

mune response by increasing their concentration in specific re-

Fig. 3. Imaging to track the migration of adjuvants. (A) Immunization timeline for

PET and MR imaging studies. (B) Maximum intensity projections (MIPs) of repre-

sentative in vivo PET scans at 24h showing the 64Cu-DOTA-MD39-NP signal. “X”

denotes the injection site, and red asterisks indicate fiducial markers. (C) Pseudo-

color images of the boxed areas are shown in (B), highlighting drainage to the iliac

and inguinal LNs. Copied with permission [40]. Copyright 2021, Elsevier.

gions, which is particularly beneficial for boosting mucosal immu-

nity.

In recent years, the use of TLR agonists, as new immune adju-

vants, has made significant progress in enhancing vaccine-specific

immune responses. TLR agonists act as pathogen-associated molec-

ular pattern (PAMP) mimetics that bind to DCs surface TLRs

(e.g., TLR4 for Lipopolysaccharide, TLR9 for CpG-ODN), triggering

MyD88-dependent signaling cascades to enhance: Antigen cross-

presentation, costimulatory molecule expression (CD80/CD86) and

proinflammatory cytokine secretion (IL-12, interferon-γ (IFN-γ )).

Wang’s team constructed a CpG motif-containing nanovaccine by

labeling the OVA antigen with the NIR fluorescent dye cypionate

to form a nanodisc structure that enabled long-term tracking and

sustained immune activation in vivo [59]. The nanovaccine opti-

mized the simultaneous delivery of antigen and adjuvant, stimu-

lated the activation of DCs and enhanced their ability to migrate

to LNs, suggesting the potential to induce long-term immune pro-

tection. A vaccine adjuvant system based on a small-molecule TLR7

agonist was developed. Yin et al. also demonstrated the monitoring

of vaccine the in vivo distribution of a vaccine over a long period

via precise imaging, revealing that TLR7 NPs provide more effective

in vivo retention than conventional adjuvants that promote long-

lasting immune activation [60].

3.2.2. Cancer vaccines

In cancer therapeutic research, the application of

nanotechnology-based adjuvant vaccine delivery systems pro-

vides new opportunities for precise immunomodulation. For

example, Liang et al. developed a liposome-coated gold nanocage
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(Lipos-AuNC) nanovaccine platform designed to target DCs via

CD11c antibodies and deliver the melanoma-specific antigenic

peptide tyrosine-related protein 2 (TRP2) and the adjuvant

monophosphoryl lipid A (MPLA) [61]. Through in vivo FI and

photoacoustic imaging (PAI) techniques, researchers can observe

in detail the behavior of this nanovaccine in vivo, including its

accumulation in LNs and the dynamic distribution of DCs. The

core of the Lipos-AuNC-MPLA-aCD11c-TRP2 nanovaccine consists

of polyvinyl pyrrolidone (PVP)-coated gold nanocages encapsulated

in liposomes modified with a specific CD11c antibody and TRP2

antigenic peptide. Analysis of TRP2 release behavior revealed that

the release pattern of this nanovaccine was closer to that of the

Ritger-Peppas model, suggesting that the liposome coating played

an essential role in regulating the release process. Lipos-AuNC

nanovaccines activate DCs via MPLA-triggered TLR4 signaling,

promoting DCs maturation and CD8+ T cell priming for robust

antitumor immunity. Their fluorescent and photoacoustic proper-

ties enable real-time imaging of nanovaccine delivery and T cell

infiltration, supporting dynamic evaluation of immune responses

and therapeutic efficacy.

In summary, this nanovaccine has the potential to enhance the

immune response against tumors and deliver components to spe-

cific immune cells. It effectively prevented B16-F10 melanoma and

lung metastasis, highlighting its potential as a platform for future

antitumor immunotherapy and in vivo tracking.

3.3. Visualization of immune cell recruitment

Nanoadjuvants optimize the interaction with immune cells and

enhance the immune response through specific surface features,

charges or chemical modifications. In the case of tumors, for exam-

ple, once introduced into the body, the nanoadjuvants are recog-

nized and taken up by immune cells such as DCs and macrophages,

which relay information to T and B cells, which then mount an im-

mune response against a specific tumor antigen. Multimodal imag-

ing allows precise visualization of the distribution and localization

of these NPs in the body and how they trigger and direct the re-

cruitment of immune cells to specific regions (Fig. 4A). The power

of multimodal imaging also lies in its ability to reveal the spa-

tial and temporal characteristics of different immune cell responses

and how nanoadjuvants affect the immune environment. There-

fore, we take tumor cells as an example and divide them into three

categories by material: composite NPs, nanoadjuvants containing

contrast agents, and bionanoparticles for review.

3.3.1. Composite NPs

ICG-CpG@MOF combines the MOF MIL-101-NH2, indocyanine

green (ICG) and CpG ODN to self-assemble into nanocarriers [62].

Multimodal imaging (fluorescence, photoacoustic, thermal, and

MRI) can be used to monitor the distribution of ICG-CpG@MOF in

vivo and its accumulation at tumor sites. Using FI (Fig. 4B), a flu-

orescent signal was detected at the tumor site after tail vein in-

jection, with the intensity increasing over 24h, indicating that the

time point of maximum immune cell recruitment was 24h, when

the treatment peaked and then decreased significantly after 48h.

Importantly, when the nanocarriers released CpG ODN into the tu-

mor microenvironment, they activated the immune system and in-

duced immune cells to migrate to the tumor site. This technique

not only demonstrates that nanoadjuvants can passively target tu-

mors but also demonstrates their immunotherapeutic potential.

In addition, researchers designed and prepared a bioresponsive

diagnostic nanoparticle (IMQ@ACC(Mn)-ICG/PEG) comprising man-

ganese ion-doped amorphous calcium carbonate embedded with

ICG as a core and loaded with imiquimod [63]. The NPs exploit the

low pH of the tumor microenvironment to achieve targeted deliv-

ery and are monitored by FI and T1-weighted MRI. The combined

Fig. 4. Different imaging techniques monitor the adjuvant-induced recruitment

of immune cells. (A) Relationships of different imaging strategies with adjuvant-

generated immunotherapy. (B) Time series of the tumor NIR FI in situ. Reproduced

with permission [62]. Copyright 2021, Elsevier. (C) Axial and coronal CT images of

4T1 tumor-bearing mice after intratumoral injection of PBS or INA. The red circles

indicate the locations of the tumors. (D) 3D reconstruction images from CT images

of 4T1 tumor-bearing mice after intratumoral injection of PBS or INA. Red arrows

indicate the location of the tumors. (C, D) Reproduced with permission [29]. Copy-

right 2022, Frontiers. (E) In vivo PA images of tumors. (F) T1-weighted MR images

of tumors. (E, F) Reproduced with permission [65]. Copyright 2021, Springer Nature.

use of photothermal therapy and immunotherapy can significantly

improve treatment efficacy.

3.3.2. Nanoadjuvants

Xin et al. introduced investigated iodine-enriched nanoad-

juvants (INAs), which are nanoadjuvants consisting of iodine-

enriched polyethylene glycol-polyhydroxyethyl methacrylate (PEG-

PHEMA-I) copolymer encapsulating phthalocyanine and the TLR7

agonist R837 [29]. INAs are suitable for photodynamic therapy.

However, their high iodine content also makes them an ideal CT

imaging contrast agent, and tumor sites injected with INAs showed

substantial contrast enhancement compared with those in the PBS

control group (Fig. 4C). To better visualize tumor enhancement, re-

searchers reconstructed 3D virtual reality (VR) images from two-

dimensional (2D) CT images, which revealed significant tumor en-

hancement in the subcutaneous flanks of the mice (Fig. 4D). In ad-

dition, INAs support immunotherapy by promoting DC maturation

and T-cell proliferation.

M-NA is a nanoadjuvant composed of a core of iron oxides and

gold wrapped in an outer layer of polyethyleneimine (PEI) [64]. M-

NA can electrostatically load CpG ODN, and its distribution in vivo

was tracked via X-ray and MRI. Functional nanoadjuvants can be

precisely injected into tumors by X-ray imaging guidance. They can

be monitored for extended periods via MRI, suggesting that this

continuous image-guided therapy can potentially be translated into

clinical treatment. APCs can efficiently take up these adjuvants to

activate the immune response.

3.3.3. Bionanoparticles

Chen et al. used M@P-PDR, a complex of Prussian blue (PB), do-

cetaxel (DTX) [65], and an immune adjuvant (R837) encapsulated

in poly(lactic-hydroxyglycolic acid) (PLGA) nanorods with the outer

layer encapsulated with tumor cell membranes. This structure fa-

cilitated the accumulation of nanocarriers at the tumor site. This

5
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technique allows monitoring of immune cell recruitment via PAI

(Fig. 4E) and MRI (Fig. 4F). Over time, the tumor area showed a

significant increase in brightness, which peaked at 8h and per-

sisted until 24h. PAI and MRI not only allowed visual monitoring

of adjuvant-induced immune cell recruitment and aggregation at

the tumor site but also assessed the recruitment efficiency of im-

mune cells and the accumulation of nanocarriers at the tumor site

by comparing the changes in signal intensity in different treatment

groups.

In conclusion, multimodal imaging played a vital role in this

study by monitoring the dynamic changes in immune cells induced

by immunoadjuvants and evaluating the distribution and retention

of nanocarriers at the tumor site, thus providing a vital imaging

basis for subsequent therapeutic strategies. These features provide

strong evidence for the use of nanoadjuvants in cancer therapy and

imaging and foreshadow their potential value in future medicine.

Immune cell recruitment dynamics can be precisely monitored

using multimodal imaging of nanoadjuvants, as measured above,

which accumulate at target sites and activate immune responses.

For example, imaging modalities such as fluorescence, photoacous-

tic, MRI, and CT reveal spatiotemporal distribution of nanoadju-

vants and correlate with the timing of immune cell infiltration.

These imaging markers, including FI and T1-weighted MRI, pro-

vide crucial guidance for identifying optimal booster immunization

windows. The next section explains how these imaging measures

help move from fixed schedules to personalized immunization tim-

ing.

3.4. Optimal immunization intervals

Studies have shown that adjusting of vaccine booster inter-

vals affects immune response and protection [66]. Shorter booster

intervals (e.g., 0–3–6 weeks) may preserve CD8+ T cell function

but compromise long-term memory T cell persistence. Longer in-

tervals (e.g., 0–4–12 weeks) tend to generate central memory T

cells, which are critical for long-term protection (e.g., tuberculo-

sis). Longer booster intervals also increase specific T-cell responses.

For example, Mycobacterium tuberculosis vaccine booster intervals

of 8 months induced stronger and longer-lasting protection than

did. Compared with the 0–6-week immunization regimen, the 0–

4–12-week immunization regimen induced higher levels of IL-2

and IFN-γ and greater masses and numbers of central memory T

(TCM)-like cells, which was associated with longer-lasting protec-

tive efficacy. With respect to the production of Ag85B-specific IgG1

antibodies, the 0–3–6-week and 0–4–12-week regimens induced a

strong humoral immune response.

Ren and colleagues developed a rare earth-doped NPs for deep

tissue imaging in the NIR second window (NIR-IIb, 1500–1700nm)

[67]. These NPs are suitable for imaging with high penetration ef-

ficiency and can also be used as vaccine-delivery vehicles to im-

prove in vivo imaging and immunotherapy. For E.G7 tumor-bearing

mice, after immunization on day 0, the researchers intravenously

injected a mixture of ErNP-aCD8 and QD-OVA quadruplex probes

on day 3. Then, they performed dual imaging at different time

points (Fig. 5A). These multifunctional NPs (Fig. 5B) were obtained

via chemical synthesis and surface modification to increase their

biocompatibility and allow functionalization. They emit fluores-

cence that can be multiplexed for imaging through different ex-

citation wavelengths or excited-state lifetimes, allowing simultane-

ous differentiation of multiple biomarkers in vivo. In one experi-

ment, researchers combined these NPs with OVA antigen and CpG

B adjuvant for imaging tracking of specific cytotoxic T lympho-

cytes (CTLs) in a mouse model. As shown in Fig. 5C, accumula-

tion of particular CTLs within tumors was observed after nanovac-

cination, contributing to tumor shrinkage. In addition, control an-

imals treated with PBS alone did not show the same accumula-

Fig. 5. Immunization intervals for imaging tracer adjuvants. (A) Immunization and

imaging schedule. (B) Schematics of a QD functionalized with a P3 coating and con-

jugated to a biotinylated H-2Kb chicken ova 257–264 SIINFEKL to form a QD-OVA-

tetramer (left) and ErNP functionalized with a P3 coating and conjugated to a CD8

diabody (right). (C) Representative wide-field NIR-IIb molecular images from one of

three mice bearing E.G-7 tumors immunized with pErNP-OVA-CpG B, recorded 48h

after i.v. Reproduced with permission [67]. Copyright 2023, Springer Nature. (D) A

48-year-old male patient was diagnosed with pT3b pN0, malignant melanoma, and

a follow-up scan was performed. Image (a) shows the maximum intensity projec-

tion of the patient’s scan. Images (b, c) show metabolically active axillary LNs, on

the same side as the mRNA vaccine, taken one week before the PET-CT examination,

raising the suspicion of disease progression (marked with an arrow). Reproduced

with permission [68]. Copyright 2022, Multidisciplinary Digital Publishing Institute

(MDPI).

tion of CTLs, which is consistent with continued tumor growth.

This finding showed that receiving multiple vaccinations at the cor-

rect times can boost the immune system and prevent tumors from

growing. This rare earth-doped nanoparticle shows excellent po-

tential as a multimodal imaging probe and vaccine delivery system

for deep tissue imaging and immunotherapy.

In the development of the coronavirus disease 2019 (COVID-19)

vaccine, the timing of PET-CT scans is critical to avoid misdiag-

nosis. A case report of a 48-year-old man who underwent PET-

CT one week after COVID-19 vaccination revealed hypermetabolic

activity in the ipsilateral axillary LNs and progression of the dis-

ease initially suspected to be malignant melanoma [68]. Follow-

up biopsy confirmation revealed a vaccine-induced inflammatory

response, not cancer. This finding (Fig. 5D) underscores increased

metabolic activity in the LNs in the weeks following vaccination

and may lead to misinterpretation of the PET-CT results. Standard-

ized uptake value (SUV)max values of axillary LNs decrease signif-

icantly with increasing interval post-vaccination (median SUVmax

3.5±0.5; r= −0.54, P=0.005), indicating waning metabolic activity

over time. To minimize this risk of misinterpretation, researchers

recommend waiting at least 6 weeks after mRNA vaccination be-

fore undergoing PET-CT and suggest collecting complete vaccina-

tion information at the time of the scan. This recommendation

helps clinicians differentiate between a normal vaccine response

and underlying disease progression, ensuring a more accurate di-

agnosis.

In response to the COVID-19 vaccination interval, it has been

shown that the strategy of extending the interval to 16 weeks

while potentially reducing short-term immune protection com-

pared with the standard 21-day interval helps to stimulate more

potent B- and T-cell responses [69], thus providing more durable

immune memory and potentially long-term protection. In addition,

a single dose of the vaccine was sufficient to induce a robust im-

mune response in individuals with a history of severe acute res-

piratory syndrome coronavirus 2 (SARS-CoV-2) infection. Another

study investigated the ability of TLR7/8 agonist-enhanced adju-

vant liposomes (SA-LNPs) to increase the immune efficacy of a

6



F. Meng, Y. Zhang, Z. Yuan et al. Chinese Chemical Letters 37 (2026) 111608

Fig. 6. Adverse reactions following vaccination. Cardiovascular complications repro-

duced with permission [72]. Copyright 2013, Wolters Kluwer Health, Inc. Neurolog-

ical complications reproduced with permission [73]. Copyright 2021, Cureus. Vas-

cular complications reproduced with permission [71]. Copyright 2022, Springer Na-

ture. Abdominal complications reproduced with permission [74]. Copyright 2015,

Springer Nature. Lymphadenopathy reproduced with permission [75]. Copyright

2022, Elsevier. Skin complications and eye side effects reproduced with permission

[76]. Copyright 2022, Wiley.

SARS-CoV-2 mRNA vaccine [70]. Replacing some of the LNP compo-

nents with immune-activated adjuvant liposomes improved the ef-

ficiency of mRNA delivery, enhanced the innate immune response

to the vaccine, and promoted more robust local and systemic adap-

tive immune responses without increasing the risk of inflammatory

side effects. These results support the beneficial effects of vaccina-

tion strategies with extended immunization intervals and immune-

enhancing adjuvants for the COVID-19 vaccine and provide an es-

sential basis for strategic adjustments in vaccination programs.

On the basis of these studies, researchers have concluded

that longer vaccination intervals facilitate the induction of longer-

lasting T-cell-mediated immune memory, which may provide bet-

ter disease protection. These findings have important implications

for the optimization and delivery of vaccine strategies.

3.5. Imaging to monitor the safety and toxicity of adjuvants

The intrinsic properties of nanoadjuvants enable self-

monitoring of safety profiles through two mechanisms. One is

the built-in contrast agents (e.g., iron oxide/Mn2+ in adjuvant

matrices) enable direct toxicity tracking of nanoparticle accumu-

lation in organs [42]; and the other is the functional imaging

captures adjuvant-induced immune responses, such as localized

fluorodeoxyglucose (FDG)-PET signal elevation at injection sites

reflecting real-time inflammation kinetics-eliminating dependence

on external contrast media [19].

Vaccination can cause multisystem complications such as car-

diovascular, neurologic, vascular, abdominal, LN, cutaneous, and oc-

ular complications. Imaging modalities (Fig. 6) such as cardiac ul-

trasound, cardiovascular magnetic resonance imaging (CMR), CT,

MRI, single-photon emission computed tomography (SPECT) and

PET-CT, play essential roles in diagnosing and evaluating these

vaccine-related complications [71–76]. This section (3.5.1–3.5.6) is

described in more detail in Supporting information.

3.6. Other imaging techniques for studying the role of nanoadjuvants

Imaging techniques are also essential for studying the effects

of nanoadjuvants. Electron microscopy reveals the microstructure

Fig. 7. Five imaging combination therapies (treatment mechanism diagram on the

left; standard imaging methods on the right).

of adjuvants, whereas light microscopy and immunofluorescence

staining assess the impact of adjuvants on immune responses.

Studies of the effects of NIR light on vaccine adjuvants suggest that

specific wavelengths of light may promote the migration of DCs to

LNs. This section is described in more detail in Supporting infor-

mation.

3.7. Immunogenicity and toxicity of contrast-integrated

nanoadjuvants

Contrast agents such as Gd3+, Fe3O4, and quantum dots facil-

itate real-time immune monitoring but raise concerns regarding

immunogenicity and long-term biosafety that necessitate thorough

evaluation. This section is described in more detail in Supporting

information.

In summary, various imaging techniques have demonstrated the

distribution of different types of adjuvants in the immune response

and the effects of external stimuli, such as NIR light, on immune

system components, providing valuable information for researching

and developing vaccine adjuvants.

4. Application of diagnosis and treatment integration

The “diagnosis and treatment integration” model combines di-

agnostic and treatment processes to optimize patient care by mini-

mizing delays in disease management and enhancing the efficiency

and quality of care. For example, while imaging effectively mon-

itors tumors, combining it with an immune adjuvant can signif-

icantly increase its effectiveness. This multimodal approach [77–

82] to treatment (Fig. 7), which incorporates real-time imaging

and adjuvants, not only improves treatment efficacy but also en-

ables physicians to monitor treatment progress and outcomes in

real time, deepen their understanding of disease mechanisms, and

tailor a personalized treatment plan for the patient. In the future,

diagnostic integration will leverage the integration of these tech-

nologies to provide optimized and comprehensive healthcare ser-

vices to patients, driving healthcare toward greater efficiency and

precision. This section (4.1–4.5) is described in more detail in Sup-

porting information.

5. Discovery of novel adjuvants

Significant progress has been made in the development of novel

vaccine adjuvants [83–110]. In addition to the classical adjuvants
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Fig. 8. Four novel nanoadjuvants including Alum, liposome, DNA/RNA and virus

sample particle.

mentioned above, many other compounds from different classes

have been evaluated as adjuvants, including mineral salts, mi-

crobial products, polymers and liposomes. In particular, the in-

troduction of nanotechnology has allowed adjuvants to take new

forms, such as liposomes, emulsions and virus-like particles, and

these nanocarriers have been used to improve the bioavailabil-

ity and overall efficacy of vaccines through the ability to con-

trol the release of active ingredients. This section presents sev-

eral novel adjuvants (Fig. 8), “old material new” adjuvants rep-

resented by aluminum nanoadjuvants, liposome nanoadjuvants,

nucleic acid nanoadjuvants, and viral nanoparticle adjuvants.

This section (5.1–5.4) is described in more detail in Supporting

information.

6. Conclusion and perspectives

This review systematically describes the nanoadjuvant de-

sign for imaging: structural engineering (size/charge/surface con-

trol dictates APC targeting efficiency), functional synergy (con-

trast agents integrated with TLR agonists enable real-time imag-

ing of DC migration), clinical translation (Mn2+-based biodegrad-

able contrasts reduce hepatotoxicity by 67% vs. Gd3+ platforms).

Notably, for emerging SARS-CoV-2 variants, nanoadjuvants of-

fer rapid-response [27]: Lipid-saRNA nanoparticles (size: 80nm,

zeta potential: +15mV) encapsulating Omicron BA.5 spike pro-

tein, integrating MnO2 contrast enables concurrent T-cell imag-

ing and enhanced Th1 response. This reduced development

timeline from 6 months to 14 days, critical for pandemic

containment.

The convergence of nanotechnology and imaging advance-

ments holds the potential to transform the field of vaccine ad-

juvant development. Through precision engineering of physico-

chemical properties, these innovations aim to enhance immune

responses, safety, and effectiveness. The integration of imaging-

driven adjuvant tracking further enhances the potential of ther-

apeutic vaccines, including targeted immunotherapy and com-

bination treatments. Beyond vaccine delivery, the modular de-

sign of nanoadjuvants shows translational potential in chronic

disease management (e.g., targeted antimicrobial delivery) [18]

and theranostic integration (e.g., imaging-guided immunomodu-

lation) [111,112]. Future efforts should prioritize clinical transla-

tion of imaging-integrated nanovaccines, especially standardizing

toxicity evaluation protocols for contrast-loaded adjuvants, devel-

oping multimodal tracking systems for real-time immune pro-

filing, validating safety in large-animal models toward Phase I

trials.
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