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Abstract
Conventional RNA‐based vaccines rely on lipid nanoparticles (LNPs) for de-
livery; however, concerns exist regarding the potential systemic toxicity of
their chemical composition, and their immune‐activating capabilities require
further enhancement. Inspired by Mg2+ as a key ion for maintaining RNA
secondary structure stability, we developed a one‐pot method for directly
synthesizing a circular RNA‐based formulation‐adjuvant integrated nano-
vaccine (CircRNA@FAiNVac) capable of delivering programmed circular
RNA (circRNA) based on biomimetic mineralization principles. Specifically,
during circRNA rolling circle transcription, the controllable crystallization of
magnesium pyrophosphate (MgPPi) nanoparticles was achieved by enhancing
the reaction kinetics between ribonucleotide triphosphates and Mg2+, thereby
encapsulating circRNA within the nanoparticles and forming a protective
carrier that also functions as an adjuvant. Based on the specific hydrolysis of
MgPPi by pyrophosphatase, CircRNA@FAiNVac can efficiently release RNA
intracellularly, thereby facilitating gene expression. Unlike LNPs, which often
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contain toxic excipients, the vector structure of CircRNA@FAiNVac consisted
only of nucleic acid precursors and ions, exhibiting good biocompatibility and
reducing adverse reactions. More importantly, CircRNA@FAiNVac possessed
potent immune activation capabilities; its self‐adjuvanting activity promoted
multimodal immune activation, enhancing both humoral and cellular re-
sponses. Animal experiments confirmed that the innovative design of CircR-
NA@FAiNVac ensured stable and sustained autonomous expression of the
SARS‐CoV‐2 receptor‐binding domain, while the nanostructure activated
multiple immune pathways, providing potent protection. The formulation‐
adjuvant integration strategy of CircRNA@FAiNVac based on biomimetic
mineralization principles provides an alternative approach for the develop-
ment of next‐generation vaccines. Based on antigen sequence optimization, it
enables rapid customized development of vaccines targeting variant strains.
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1 | INTRODUCTION

Coronavirus Disease 2019 (COVID‐19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2),
remains a significant public health challenge, with over
775 million confirmed cases and 15 million deaths world-
wide.1,2 While mRNA vaccines have been pivotal in
combating the pandemic, their limitations are increasingly
apparent.3–6 Inherent instability necessitates extensive
chemical modifications (e.g., 1‐methylpseudouridine) and
a stringent cold chain, hindering deployment in resource‐
limited regions.7–11 In contrast, circular RNA (circRNA)
offers a structurally superior alternative.12,13 Its covalently
closed, continuous loop conformation confers exceptional
resistance to exonuclease degradation, extending its
intracellular half‐life several‐fold compared to linear
mRNA and reducing the need for nucleoside modifica-
tion.12,14 When engineered with elements such as internal
ribosome entry sites, circRNA enables robust and sus-
tained protein expression, demonstrating significant
promise as a next‐generation vaccine platform.12,15 Pre-
clinical studies have demonstrated that circRNA vaccines
can elicit potent and durable immune responses against
SARS‐CoV‐2 variants, highlighting their superior potential
for durable immunization.12 Nevertheless, the efficacy of
any nucleic acid therapeutic, including circRNA, is criti-
cally contingent upon a safe and effective delivery vehicle
capable of protecting the cargo and facilitating its intra-
cellular release.5,16

The current paradigm for mRNA delivery primarily
relies on lipid nanoparticles (LNPs).17–19 While clinically

validated, LNP technology faces pressing challenges
beyond the stabilization of its nucleic acid.20–22 First, the
synthetic components of LNPs, including ionizable
lipids and polyethylene glycol (PEG) ylated lipids, raise
non‐negligible concerns regarding potential systemic
toxicity, immunogenicity, and long‐term biodistribution
profiles.23,24 Furthermore, certain functional excipients,
such as specific oxysterols (e.g., 20α/20β‐hydrox-
ycholesterol) that are incorporated to modulate mem-
brane fluidity, may paradoxically enhance phagocytic
clearance and lysosomal degradation, thereby reducing
the intended protein expression.25–27 Most critically, the
immunostimulatory properties of LNPs can be subopti-
mal or unpredictable; attempting to increase potency or
redirect biodistribution beyond the liver often necessi-
tates higher doses, which in turn can exacerbate in-
flammatory side effects and immune‐related toxicity.28,29

Hence, these challenges underscore an urgent need for
novel delivery platforms that are inherently biocompat-
ible, simpler to manufacture, and capable of potent and
programmable immunostimulation.30–34

Here, we report a revolutionary delivery platform
inspired by biomimetic mineralization. We developed a
facile one‐pot method to directly synthesize a circRNA‐
based formulation‐adjuvant integrated nanovaccine
(CircRNA@FAiNVac) capable of delivering programmed
circRNA (Figure 1). Our innovative strategy leverages the
dual biological roles of magnesium ions (Mg2+): as
essential cofactors for polymerase activity and RNA
structural integrity, and as inorganic precursors for
carrier synthesis. Specifically, during the rolling circle
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transcription (RCT) of circRNA, we precisely controlled
the reaction kinetics to drive the controllable crystalli-
zation of magnesium pyrophosphate (MgPPi) nano-
particles. This process seamlessly entrapped the nascent
circRNA within the growing inorganic matrix, yielding a
protective inorganic carrier that inherently functions as
an adjuvant. This CircRNA@FAiNVac platform is
fundamentally distinct in composition, consisting solely
of natural biochemical precursors (ribonucleotide tri-
phosphates) and physiological ions, thereby exhibiting

superior biocompatibility and minimizing excipient‐
related risks. More importantly, as a formulation‐adju-
vant integrated nanovaccine, CircRNA@FAiNVac
exhibited strong immune activation capabilities, pro-
moting multimodal innate immune activation that
significantly enhances both humoral and cellular adap-
tive responses. As confirmed in animal studies, this
innovative design ensured stable and sustained in vivo
antigen expression while concurrently activating
multiple protective immune pathways. Collectively, this

F I GURE 1 Schematic diagram of engineered RNA nanopaticles (CircRNA@FAiNVac) as a safe and self‐adjuvanting platform for
COVID‐19 vaccination. The synthesis of formulation‐adjuvant integrated nanovaccine (CircRNA@FAiNVac) is achieved by a one‐pot
method based on biomimetic mineralization principles, by which MgPPi directly encapsulates circRNA into nanoparticles as a protective
carrier and simultaneously as an adjuvant. Notably, self‐adjuvanting property endows potent immunostimulatory activity to
CircRNA@FAiNVac via facilitating multimodal immune activation: antigen peptides presented via MHC I activated cytotoxic T cells,
inducing a cellular immune response, while those presented via MHC II activated helper T cells, which in turn activated B cells to produce
antibodies, thereby achieving humoral immunity.
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CircRNA@FAiNVac platform, based on a biomimetic
mineralization and formulation‐adjuvant integrated
strategy, provides a versatile and promising alternative
for next‐generation vaccine development.

2 | RESULTS AND DISCUSSION

2.1 | Preparation and characterization
of CircRNA@FAiNVac

The CircRNA@FAiNVac platform was constructed
through a one‐pot biomimetic mineralization strategy.
The process begins with the modular encoding of the
SARS‐CoV‐2 receptor‐binding domain (RBD) antigen
sequence onto a linear DNA template, which is subse-
quently circularized to serve as the template for RCT.
Utilizing T7 RNA polymerase, long tandem repeats of
circRNA were synthesized. Crucially, by enhancing the
reaction kinetics between ribonucleotide triphosphates
and Mg2+ ions, we achieved controllable crystallization of
MgPPi nanoparticles during the RCT process. A Mg2+:
rNTP molar ratio of 6:1 precisely balances the Mg2+

requirement for RCT catalysis and the supersaturation
threshold required for controlled MgPPi crystallization
(Figure S1 and Table S1). Encapsulation efficiency (EE%)
significantly increased with increasing Mg2+ concentra-
tion until reaching a peak at the Mg2+: rNTP molar ratio of
6:1, after which EE% began to decrease (Table S1). This
biomimetic mineralization step simultaneously encapsu-
lated the synthesized circRNA within the forming MgPPi
crystals, resulting in a core‐shell nanostructure that
functions as both a protective carrier and an intrinsic
immune adjuvant (Figure 2A). To promote efficient in
vivo delivery, the initially formed nanoparticles were
modified with poly‐L‐lysine (PLL) via molecular electro-
static forces to form nanoscale formulations.35 The
resulting nanoparticles exhibited a uniform dispersion in
aqueous solution as evidenced by the distinct Tyndall ef-
fect (Figure 2B). As a comparison, CircRNAEV@FAiNVac
is an RNA nanoparticle constructed with a DNA template
of circular RNA that does not contain the RBD sequence.
Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) revealed that the final CircR-
NA@FAiNVac nanoparticles were monodisperse with a
spherical morphology (Figure 2C,D). High‐resolution
TEM imaging confirmed that CircRNA@FAiNVac
showed a clear crystal structure with a lattice size of
approximately 0.35 nm, corresponding to the (022) crystal
plane of monoclinic MgPPi (Figure 2E). Dynamic light
scattering (DLS) analysis corroborated the nanoscale size

showing an average hydrodynamic diameter of about
43 nm (Figure 2F). The surface modification of PLL con-
verted the originally negatively charged CircRNA@-
FAiNVac into positively charged (Figure 2G). The
composition of CircRNA@FAiNVac was analyzed using
scanning TEM (STEM)‐based energy dispersive X‐ray
spectroscopy (EDS) analysis, and the results showed that
all particles were mainly composed of C, N, O, Mg, and P
(Figure 2H and Figure S2). The presence of C and N in the
particles indicated the presence of RNA in CircRNA@-
FAiNVac, while the presence of Mg, P, and O indicated
the structure of MgPPi. Further EDS mapping and RNA
loading quantitative analysis addressed the concern
regarding the possible formation of magnesium‐phos-
phoprotein nanoparticles lacking RNA or “empty shell”
structures. Through complementary characterization
methods, the distribution of circRNA within the miner-
alized nanoparticles was verified. Specifically, the EDS
mapping results clearly showed that the elemental dis-
tribution of N (from circRNA), P (from MgPPi and
circRNA) and Mg (from MgPPi) was uniform throughout
the nanoparticle structure (Figure 2H). This uniform
elemental distribution confirmed that the circRNA was
closely embedded within the mineralized nanoparticles
rather than forming independent “empty shell” particle
groups lacking RNA. Additionally, the RNA loading
analysis revealed that the formed nanoparticles still
retained a significant amount of circRNA content
(Table S1). In summary, the results of EDS mapping and
RNA loading analysis clearly confirmed the absence of
significant “empty” magnesium phosphate ester nano-
particles, thereby verifying the structural and functional
integrity of the CircRNA@FAiNVac formulation.
Controllable crystallization of MgPPi nanoparticles was
achieved by fine‐tuning the reaction kinetics, including
the molar ratio of ribonucleotide triphosphates and Mg2+,
reaction temperature, and incubation time. These pa-
rameters collectively regulated the nucleation and growth
of MgPPi crystals, ensuring the formation of uniform
nanoparticles with appropriate size and efficient circRNA
encapsulation. Furthermore, the uniform distribution of
the elements indicated that the polymerized circRNA was
uniformly loaded into CircRNA@FAiNVac. Gel electro-
phoresis analysis showed that all CircRNA@FAiNVac
samples presented smear bands in agarose gel, indicating
that the synthesized nucleic acid molecules have a length
of over 5000 bp (Figure 2I). Ultraviolet‐visible spectros-
copy (UV‐vis) spectroscopy and circular dichroism
(CD) spectroscopy jointly confirmed the effective loading
of nucleic acids on CircRNA@FAiNVac and suggested
the preservation of RNA secondary and tertiary
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structures within the composite (Figure 2J,K). The
CircRNA@FAiNVac sample was further characterized by
X‐ray photoelectron spectroscopy (Figure 2L), which
revealed distinct chemical states of corresponding ele-
ments, consistent with the results of STEM‐based EDS
analysis. The higher binding energy (BE) of the Mg 1s
peak at 1304.99 eV was assigned to Mg (II) in magnesium
pyrophosphate (Figure S3A). Similarly, the higher BE of
the P 2p peak at 133.4 eV corresponded to P(V) in

magnesium pyrophosphate (Figure S3B). The higher BE
of the O 1s peak at 531.23 eV was attributed to O(II) in
both magnesium pyrophosphate and RNA (Figure S3C).
Moreover, Fourier Transform infrared (FTIR) spectros-
copy also uncovered the absorption peaks of phosphate
groups of magnesium pyrophosphate (Figure 2M).
Collectively, we successfully synthesized MgPPi
mineralization‐integrated circRNA nanoformulation
through the RCT reaction system.

F I GURE 2 Physicochemical characterization of CircRNA@FAiNVac. (A) Schematic diagram of the CircRNA@FAiNVac synthesized
from circular DNA. (B) CircRNA@FAiNVac exhibits a distinct Tyndall effect compared to Water. (C) Transmission electron microscopy
(TEM) image of CircRNA@FAiNVac. (D) SEM image of CircRNA@FAiNVac. (E) Lattice imaging analysis of CircRNA@FAiNVac.
(F) Particle size of CircRNA@FAiNVac. (G) Zeta potential of CircRNA@FAiNVac. Data are shown as the mean ± SEM (n = 3). (H) STEM‐
based energy dispersive spectroscopy (EDS) mapping of CircRNARBD@FAiNVac. (I) Gel electrophoresis image of mRNARBD, circRNARBD,
CircRNAEV@FAiNVac, and CircRNARBD@FAiNVac (1‐3 indicate the three replicate samples of this group). (J) UV‐vis spectra of
circRNARBD and CircRNARBD@FAiNVac. (K) CD spectra of circRNARBD and CircRNARBD@FAiNVac. (L) X‐ray photoelectron
spectroscopy (XPS) analysis of CircRNA@FAiNVac. (M) FITR of CircRNA@FAiNVac.
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2.2 | In vitro evaluation of
CircRNA@FAiNVac as a potential vaccine
platform

CircRNA@FAiNVac is capable of achieving stable and
sustained expression of the target protein, which is
consistent with the structural stability of circRNAs
(Figure S4). To verify the protein expression capability of
the CircRNA@FAiNVac platform, we first synthesized
CircRNA@FAiNVac encoding the enhanced green fluo-
rescent protein sequence and delivered it to HEK293T cells
(Figure 3A). Through fluorescence microscopy, obvious
green fluorescent protein expression could be detected
(Figure 3B), and quantitatively confirmed by flow cytom-
etry, which showed a significantly higher fluorescence
intensity compared to control groups (Figure 3C). To
evaluate the application potential of this platform in anti-
gen expression, we further detected the RBD antigen
concentration in the supernatant to be approximately
136 ng/mL, which was significantly higher than that of
control groups (Figure 3D). At the same time, effective
expression was observed at both 12 and 24 h (Figure 3E,F),
demonstrating that CircRNA@FAiNVac enables sus-
tained and high‐level antigen production, which is a crit-
ical feature for vaccine efficacy. Notably, this positive
uptake and expression result in non‐immune, non‐
antigen‐presenting HEK‐293T cells suggests that the pro-
tein expression mediated by CircRNA@FAiNVac is not
strictly restricted to professional antigen‐presenting cells
(APCs), reflecting the broad and efficient delivery adapt-
ability of the MgPPi‐based bionic mineralized vector.
Safety is a paramount concern for vaccine formulations.
The translation efficiency was compared under the same
conditions of circular RNA dosage and intracellular de-
livery. To confirm antigen expression in the key target
cells, we evaluated RBD translation in primary bone
marrow‐derived dendritic cells (BMDCs). Immunofluo-
rescence staining revealed a strong cytoplasmic RBD signal
in BMDCs treated with CircRNA@FAiNVac (Figures S5A
and S5B). Flow cytometric analysis of intracellular RBD
further quantified that over 8.08‐fold of BMDCs were
antigen‐positive following treatment (Figure S5C). For
comparison, circRNA was also formulated using a clini-
cally validated LNP platform (DLin‐MC3‐DMA/DSPC/
Cholesterol/DMG‐PEG 2000, 50:10:38.5:1.5), which served
as the gold standard control for RNA vaccine delivery.
Cytotoxicity assessment in HEK293T cells indicated that
CircRNA@FAiNVac exhibited significantly lower cyto-
toxicity compared to conventional LNP‐encapsulated
circRNA (Figure 3G). More importantly, the innate im-
mune response triggered by CircRNA@FAiNVac was

significantly weaker than that of the naked RNA trans-
fection group and the LNP control group in HEK293T cells
(Figure 3H–L). This phenomenon may be attributed to the
fact that nanoparticles enter cells through endocytosis,
partially bypassing the immune recognition path-
ways—such as TLR3 in the endosome/lysosome, which
requires viral RNA binding to be activated.27 In contrast,
naked RNA transfection may directly activate the RIG‐I‐
like receptor pathway in the cytoplasm, triggering a
stronger type I interferon response.36 The CircRNA@-
FAiNVac platform exhibits a unique dual mechanism of
innate immune regulation, achieved through spatial‐tem-
poral separation. The MgPPi mineral shell physically
shields the encapsulated circRNA from endosomal TLR3
recognition during cellular entry, thereby preventing pre-
mature RNA degradation and excessive TLR3‐mediated
IFN responses. In contrast, the robust adjuvant effect
(NF‐κB activation and TNF‐α secretion) is mediated by the
nanoparticle scaffold itself. Following endosomal escape
and cytosolic hydrolysis, the released pyrophosphate (PPi)
and Mg2+ ions activate the cytosolic STING pathway and
NLRP3 inflammasome, respectively.37–42 This design de-
couples antigen protection from adjuvant activation,
resulting in both high antigen expression and potent DC
maturation. A potential limitation of this study is the use of
a clinically relevant but non‐immuno‐optimized LNP
(DLin‐MC3‐DMA based) as the control comparator.
Recent advances in next‐generation LNPs (e.g., immuno‐
modified LNPs, lipid‐polymer hybrids) have demon-
strated enhanced immunostimulatory properties. While
our MC3‐LNP control serves as a rigorous benchmark for
clinical translation, future studies directly comparing
CircRNA@FAiNVac with these cutting‐edge LNP variants
are warranted to further elucidate the relative strengths of
our platform. Beyond merely serving as a delivery vehicle,
CircRNA@FAiNVac demonstrated self‐adjuvanting
properties essential for vaccine potency. Following de-
livery of the RBD‐encoding CircRNA@FAiNVac into DCs
(Figure 3M), it significantly increased the expression level
of MHC II molecules (Figure 3N) and enhanced the
expression of the co‐stimulatory markers CD80 and CD86
(Figure 3O), indicating DC maturation. This feature is
beneficial for enhancing the efficiency of the immune
response induced by the vaccine. Additionally, the matu-
ration status of DCs was further verified through confocal
microscopy (Figure 3P,Q). The self‐adjuvanting activity of
CircRNA@FAiNVac arises from a hierarchical, synergistic
mechanism rather than a single molecular trigger. Anal-
ysis of comparative groups revealed that the MgPPi min-
eral scaffold is the primary initiator of innate immunity,
capable of activating NF‐κB and MAPK pathways
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independently via the release of PPi (STING activator) and
Mg2+ (NLRP3 activator) (Figure S6). The circRNA cargo,
while not a potent innate agonist on its own, provides
sustained antigen translation that amplifies this initial

signal. This unique integration of innate adjuvantation (by
MgPPi) and antigenic persistence (by circRNA) eliminates
the need for exogenous adjuvants and drives the robust
multimodal immune response observed in this study. In

F I GURE 3 Legend on next page.
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cellular uptake experiments, nucleic acid‐stained CircR-
NA@FAiNVac was observed to enter the cytoplasm within
3 h and remained effectively internalized over 48 h, with
peak uptake occurring at 3 h (Figure 3R,S). Following
clathrin‐mediated endocytosis, CircRNA@FAiNVac traf-
fics to early endosomes, which subsequently mature into
acidic late endosomes/lysosomes (pH 4.5–5.5). The acidic
microenvironment triggers the partial dissolution of
MgPPi nanoparticles, a process that sequesters protons and
induces osmotic swelling (proton sponge effect). This leads
to the rupture of the endosomal membrane and the release
of the nanoparticle core into the cytoplasm, as confirmed
by confocal microscopy showing dissociation from Lyso-
Tracker staining at 1 and 3 h post‐internalization
(Figure S7). Upon reaching the cytosol, the residual
MgPPi matrix is rapidly hydrolyzed by endogenous cyto-
solic pyrophosphatase (PPA). This dual‐step release
mechanism—initial endosomal escape via pH‐responsive
dissolution followed by cytosolic hydrolysis—ensures the
efficient liberation of functional circRNA for translation.
Overall, the CircRNA@FAiNVac platform exhibits notable
advantages in antigen expression, safety, and immune
activation, demonstrating broad potential for vaccine
development.

2.3 | Transcriptomics analysis reveals
CircRNARBD@FAiNVac‐induced dendritic
cell maturation mechanisms

To elucidate the molecular mechanisms underlying the
immunostimulatory activity of CircRNARBD@FAiNVac
as a vaccine, we conducted transcriptome‐wide RNA

sequencing (RNA‐seq) analysis on DCs that were either
untreated, treated with CircRNAEV@FAiNVac, or
treated with CircRNARBD@FAiNVac. The results of
clustering analysis revealed that compared with the
CircRNAEV@FAiNVac or untreated groups, DCs treated
with CircRNARBD@FAiNVac exhibited upregulation of
genes associated with inflammatory immune response
(Figure 4A and Figure S8). Pathway enrichment analysis
further demonstrated that cells in the CircRNARBD@-

FAiNVac group displayed enhanced immune and
defense responses, with significant enrichment of mul-
tiple inflammation‐related pathways, including TNF
signaling, NF‐κB signaling, and MAPK cascade
signaling, as well as DC maturation‐related pathways
(Figure 4B,C and Figures S9 and S10). The results of
differential gene expression analysis revealed that
compared with the CircRNAEV@FAiNVac or untreated
groups, DCs treated with CircRNARBD@FAiNVac
exhibited upregulation of genes associated with prolif-
eration, differentiation, migration, and maturation abil-
ities, antigen presentation capacity, chemokine and
cytokine production, antiviral function, and a series of
activating immune response (Figure 4D–G and
Figures S11 and S12). Collectively, these findings indi-
cate that CircRNARBD@FAiNVac has the potential to
induce DC pro‐inflammatory maturation, thereby
providing a theoretical foundation for its application as a
vaccine.

Upon CircRNARBD@FAiNVac treatment, the circRNA
component of CircRNARBD@FAiNVac enters DCs via
endocytosis and is subsequently released from the endo-
some. Under the guidance of ribosomes, the circRNA is
translated into antigen proteins. These antigen proteins are

F I GURE 3 In Vitro validation of CircRNA@FAiNVac as a vaccine adjuvant platform. (A) Schematic diagram of CircRNA@FAiNVac
transfection into HEK293T cells. (B) Fluorescence microscope image of enhanced green fluorescent protein (EGFP) expression in
HEK293T cells transfected with CircRNAEGFP@FAiNVac. (C) Flow cytometry statistics of EGFP expression in HEK293T cells transfected
with CircRNAEGFP@FAiNVac. (D) ELISA detection of receptor‐binding domain (RBD) protein expression in HEK293T cells transfected
with CircRNARBD@FAiNVac. (E, F) The mRNA abundance of RBD induced by circRNARBD and CircRNARBD@FAiNVac via RT‐qPCR
analysis in HEK293T cells. The mRNA levels were normalized by GAPDH. The mRNA fold changes were normalized using the untreated
HEK293T cells. (G) Cell viability of HEK293T cells transfected with circRNARBD, CircRNARBD@LNP, and CircRNARBD@FAiNVac for 24 h.
(H‐L) The mRNA abundance of cytokines MCP‐1 (H), IL‐6 (I), IP‐10 (J), TNF‐α (K), and IFN‐α (L) induced by circRNARBD, CircR-
NARBD@LNP, and CircRNARBD@FAiNVac via RT‐qPCR analysis in HEK293T cells. The mRNA levels were normalized by GAPDH.
(M) Schematic illustration of innate immune activation in dendritic cell (DC) cells following CircRNARBD@FAiNVac transfection.
(N) Flow cytometry analysis of MHCII after CircRNAEV@FAiNVac and CircRNARBD@FAiNVac transfection into DC cells, raw data on the
left and statistics on the right. (O) Flow cytometry analysis of CD80 and CD86 after CircRNAEV@FAiNVac and CircRNARBD@FAiNVac
transfection into DC cells, raw data on the left and statistics on the right. (P) Confocal microscopy images of CD86 and DAPI staining.
(Q) Statistical analysis of CD86 Fluorescence Values under Confocal Microscopy. (R) Time‐dependent uptake of CircRNA@FAiNVac by
HEK293T cells, visualized via DAPI staining of nuclei and Ribogreen staining of circRNA in confocal microscopy images. (S) Statistical
analysis of the changes in the uptake of CircRNA@FAiNVac by HEK293T cells over time under confocal microscopy. The data are shown
as SEM ± mean (n = 3). Unpaired two‐sided Student t‐tests were conducted for comparison, as shown in the figure, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001; ns, not significant. Each symbol represents a separate mouse.
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then degraded by the proteasome into antigen peptides,
which bind to MHC I molecules synthesized in the endo-
plasmic reticulum and are presented on the cell surface.
Concurrently, DC activation led to marked upregulation of

the CD40 signaling pathway (Figure 4H and Figure S13).
This enhanced CD40 signaling promotes cell survival and
inflammatory factor secretion through the activation of
MAPK and NF‐κB pathways, while also synergistically

F I GURE 4 Legend on next page.
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inducing the co‐expression of co‐stimulatory molecules
CD80 and CD86, ultimately driving DC maturation
(Figure 4I,J, Figures S14 and S15).

Notably, compared with CircRNAEV@FAiNVac,
CircRNARBD@FAiNVac showed significant enrichment in
calcium ion transmembrane transport and nucleic acid
binding‐related pathways, further validating the molecular
mechanism by which CircRNARBD@FAiNVac utilizes
circRNA expression to induce DC maturation through
antigen presentation (Figure S14). It is particularly note-
worthy that pathways related to the activation and
regulation of innate and adaptive immune responses
by SARS‐CoV‐2 were significantly enriched in the CircR-
NARBD@FAiNVac group compared to the PBS or CircR-
NAEV@FAiNVac groups (Figure 4K and Figure S16). This
observation suggests that CircRNARBD@FAiNVac effec-
tively presents the RBD antigen on DCs, which is crucial
for the subsequent generation of antibodies against SARS‐
CoV‐2. In conclusion, these results demonstrate that
CircRNARBD@FAiNVac can significantly enhance the
immune response of DCs, driving them toward an in-
flammatory mature state and optimizing antigen presen-
tation capabilities by activating key inflammatory and co‐
stimulatory pathways. This mechanism underpins the
antiviral effect of CircRNARBD@FAiNVac as a vaccine
candidate.

2.4 | CircRNA@FAiNVac nanovaccine
elicits robust RBD‐specific antibodies and
immune responses

The data in Figure S17 presents the measured results of the
temporal variation of fluorescent enzyme protein in
BALB/c mice. To evaluate the in vivo immunogenicity and
protective potential of the CircRNA@FAiNVac platform,

we immunized BALB/c mice via intramuscular injection
with 10 μg of the vaccine in a prime‐boost regimen at a 2‐
week interval (Figure 5A). Then, 2 weeks after the boost
dose, the sera from immunized mice were collected to
detect RBD‐Delta‐specific antibodies (Figure 5A). Sample
sizes were chosen based on preliminary experimental
data and established practices for early proof‐of‐concept
studies in the vaccine and nanomedicine fields.43,44

The vaccine elicited a robust humoral immune response.
Serum analysis revealed that CircRNARBD@FAiNVac
triggered a high level of RBD‐specific IgG endpoint geo-
metric mean titer, reaching ~4.3 × 104 (Figure 5B).
Further, we investigated the balance of Th1/Th2 immune
responses of the CircRNARBD@FAiNVac. ELISA showed
that CircRNARBD@FAiNVac triggered IgG1 (Figure 5C)
and IgG2a (Figure 5D) at relatively high levels. The ratio of
IgG2a/IgG1 was also higher compared to the control group
(Figure 5E), indicating a Th1‐skewed response. This bias is
advantageous for SARS‐CoV‐2 clearance and helps miti-
gate the risk of vaccine‐associated enhanced respiratory
disease, which is often associated with a Th2‐dominant
profile.12 More importantly, the results of the pseudovi-
rus neutralization test (Figure S18) showed that the serum
of mice vaccinated with CircRNA@FAiNVac exhibited
strong antiviral neutralizing activity in vitro, with a high
value of the median effective concentration (NT50) of the
neutralizing antibodies. These neutralizing antibodies
were able to effectively prevent the invasion of the
SARS‐CoV‐2 pseudovirus into host cells, which directly
confirmed that the antigen‐specific antibodies induced by
the vaccine are functional protective antibodies rather
than merely binding antibodies. These combined results
demonstrate that CircRNA@FAiNVac not only stimulates
strong antigen‐specific antibody production but also in-
duces high‐titer functional neutralizing antibodies, laying
a solid foundation for effective antiviral protection in vivo.

F I GURE 4 Transcriptomics analysis reveals CircRNARBD@FAiNVac ‐induced dendritic cell (DC) maturation mechanisms. (A) The
volcano plot shows the comparison of differentially expressed genes between the CircRNARBD@FAiNVac groups and the untreated group
in DC. Antigen presentation process: Nos2, H2‐M2, Tap2; Antiviral immune process: Gbp2; DC maturation markers: CD86, CD40; Cy-
tokines and chemokines: TNF, Cxcl10, Casp1. (B) GO analysis reveals upregulated pathways in CircRNARBD@FAiNVac versus Untreated
DCs (n = 3). (C) KEGG analysis of upregulated pathways in CircRNARBD@FAiNVac versus Untreated Groups (n = 3). (D) Heatmap
depicting differential expression of proliferation/differentiation/migration‐related genes in DCs: CircRNARBD@FAiNVac versus Untreated
groups (n = 3). (E) Heatmap revealing differential expression patterns of antigen presentation‐related genes in DCs: CircRNARBD@-

FAiNVac versus Untreated comparison (n = 3). (F) Heatmap illustration of differential chemokine/cytokine gene expression in DCs:
CircRNARBD@FAiNVac versus Untreated groups (n = 3). (G) Heatmap revealing differential expression of antiviral immune‐related genes
in DCs: CircRNARBD@FAiNVac versus Untreated groups (n = 3). (H) GSEA identifies enhanced CD40 signaling up in CircRNARBD@-

FAiNVac versus Untreated DCs (n = 3). (I) GSEA reveals enriched DC maturation pathways in CircRNARBD@FAiNVac versus Untreated
DCs (n = 3). (J) Differential expression of DC maturation markers in CircRNARBD@FAiNVac versus Untreated groups (n = 3). (K) GSEA
identifies enriched pathways in DCs: Interferon Signaling, IL‐12 family signaling, antiviral mechanisms, and SARS‐CoV‐2‐activated im-
mune responses (CircRNARBD@FAiNVac vs. Untreated, n = 3).
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Notably, B cells, CD4+ T cells, and CD8+ T cells jointly
mediate anti‐SARS‐CoV‐2 immunity in patients with
COVID‐19. To compare the immune responses of CD4+

and CD8+ T cells, samples were collected from the spleen

cells of immunized mice, and the effector memory T cells
(CD44+CD62L−) were quantified through cellular staining
(Figure 5F,G). Vaccine activity in vivo was corroborated by
the enhanced activation of APCs. In mice vaccinated with

F I GURE 5 Legend on next page.
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CircRNARBD@FAiNVac, the production of mature DCs
and M1‐type macrophages was increased compared to the
control group (Figure 5H and Figure S19), indicating that
the vaccine delivered the antigen to the APC in the
body and activated specific immunity. Importantly, the
number of B cells in mice vaccinated with CircR-
NARBD@FAiNVac was increased compared with the con-
trol group (Figure 5I), suggesting that the vaccine activated
humoral immunity. Additionally, the immunosuppressive
cells in the immunized mice decreased, and the IL‐4
response produced by CD4+ Tem cells was less
(Figures S20 and S21). Notably, CircRNAEV@FAiNVac
(empty vector) induced moderate increases in Treg cells
and IL‐4 production, whereas CircRNARBD@FAiNVac
(antigen‐loaded) showed levels comparable to PBS
(Figures S20 and S21). This differential response indicates
that the empty carrier elicits a self‐limiting immunoregu-
latory response, which is overridden in the presence of the
RBD antigen. This antigen‐dependent immune focusing
ensures that the vaccine drives a potent, specific effector
response while maintaining an inherent safety buffer
against non‐specific inflammation. These results indicate
that the CircRNA@FAiNVac vaccine induces a Th1‐biased
immune response, which is consistent with a favorable
immune polarization that supports effective antiviral de-
fense without excessive Th2‐associated pathology.
Although systematic in vivo expression kinetics and
whole‐body biodistribution were not fully characterized in
the present proof‐of‐concept study, the potent and durable
humoral and cellular immune responses elicited by
CircRNARBD@FAiNVac strongly support the establish-
ment of functional and sustained antigen expression in
vivo. Consistent with the intrinsic stability of circular RNA
and the slow‐release property of the MgPPi‐based miner-
alized vector, CircRNARBD@FAiNVac enabled persistent
antigen production within local tissues, thereby driving
continuous immune activation rather than transient
stimulation.

2.5 | Biosafety evaluation of
CircRNA@FAiNVac nanovaccine

To comprehensively assess the safety profile of the CircR-
NA@FAiNVac nanovaccine, we conducted a series of in
vivo toxicity studies in BALB/c mice following the vacci-
nation protocol. Body weight monitoring over 2 weeks
post‐immunization revealed no significant changes, indi-
cating an absence of acute systemic toxicity (Figure S23).
To assess the in vivo biodistribution and potential off‐target
effects, we analyzed CircRNA@FAiNVac in different tis-
sues after intramuscular injection. In vivo fluorescence
imaging showed that over 95% of CircRNA@FAiNVac
remained at the injection site, and very little spread to the
systemic organs (Figure S17). Three weeks after intrave-
nous vaccination in mice, blood was collected from the
mice for hematological and biochemical analyses. As
shown in Figure 6A, the inflammation‐related indicators,
such as white blood cells, lymphocytes (Lym), medium‐
sized cells (MID), and granulocytes (Neu), showed no
difference compared to the PBS or CircRNAEV@FAiNVac
groups. Liver and kidney function indicators, including
blood urea nitrogen, creatinine (CREA), alanine (ALT),
and aspartate aminotransferase (AST), also remained
within normal ranges, confirming no detectable organ
toxicity (Figure 6B). Additionally, non‐inflammatory
blood indicators, including red blood cells (RBCs), hemo-
globin (HGB), hematocrit (HCT), mean RBC volume
(MCV), mean RBC hemoglobin (MCH), mean RBC he-
moglobin concentration (MCHC), platelet volume (PCT),
and platelets (PLT), all fell within the normal reference
range (Figure 6C). H&E staining further confirmed the
potential damage to major organs (such as heart, liver,
spleen, lung, and kidney). The results indicated that the
CircRNA@FAiNVac group was consistent with the PBS or
CircRNAEV@FAiNVac groups, and no obvious organ
damage was observed (Figure 6D). Furthermore, we eval-
uated the long‐term in vivo safety of CircRNARBD@-

F I GURE 5 CircRNARBD@FAiNVac nanovaccine elicits robust RBD‐specific antibodies and immune responses. (A) Schematic dia-
gram of vaccination and immunity of the CircRNARBD@FAiNVac nanovaccine in BALB/c mice. (B) Comparative analysis of the endpoint
geometric mean titer (GMT) of SARS‐CoV‐2 RBD‐specific IgG. (C) Comparative analysis of the endpoint GMT of SARS‐CoV‐2 RBD‐specific
IgG1. (D) Comparative analysis of the endpoint GMT of SARS‐CoV‐2 RBD‐specific IgG2a. (E) Comparative analysis of the specific IgG2a/
IgG1 ratio. Flow cytometry analysis of CD4+ T cell responses (F) and CD8+ T cell responses (G) after PBS, CircRNAEV@FAiNVac, and
CircRNARBD@FAiNVac vaccinated into mouse. (H) Flow cytometry analysis of CD80 and CD86 after PBS, CircRNAEV@FAiNVac, and
CircRNARBD@FAiNVac vaccinated into mouse. (I) Flow cytometry analysis of CD19 after PBS, CircRNAEV@FAiNVac, and CircR-
NARBD@FAiNVac vaccinated into mouse. The data are shown as SEM ± mean (n = 3). Unpaired two‐sided Student t‐tests were conducted
for comparison, as shown in the figure, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. Each symbol represents a
separate mouse.
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F I GURE 6 Biological safety assessment of BALB/c mice following intramuscular immunization with the CircRNARBD@FAiNVac
nanovaccine. Blood biochemical analysis related to inflammatory markers (A), liver and renal function markers (B), and non‐inflammatory
markers (C), 3 weeks after vaccination. (D) H&E examination of the heart, liver, spleen, lungs, and kidneys. The data are shown as
SEM ± mean (n = 3). Unpaired two‐sided Student t‐tests were conducted for comparison, as shown in the figure, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001; ns, not significant. Each symbol represents a separate mouse.
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FAiNVac. Three months after vaccination, comprehensive
analyses were performed, including complete blood count,
liver and kidney function tests, and histopathological ex-
amination (H&E staining) of major organs. All parameters
remained within normal ranges, and no obvious adverse
effects or pathological abnormalities were observed,
demonstrating the favorable long‐term biosafety of
CircRNARBD@FAiNVac (Figures S24–S27). The robust
CD8+ T‐cell response induced by CircRNA@FAiNVac
may raise the question of potential CTL‐mediated tissue
damage. However, our biodistribution data mitigate this
concern by demonstrating minimal off‐target antigen
expression in vital organs. The localized CTL activity at the
injection site represents a transient, physiological clear-
ance process that is critical for adaptive immunity but does
not result in systemic toxicity, as confirmed by sensitive
serum biomarkers and histopathology. The favorable
biocompatibility and safety profile observed in vivo further
support the unique in vivo behavior of CircRNA@-
FAiNVac. Unlike conventional LNP formulations that rely
on synthetic lipid components and may trigger systemic
inflammation or off‐target accumulation in vital organs,
our biomimetic mineralized vaccine is composed exclu-
sively of biogenic ions and RNA. This innate composition
contributes to its benign biological response, as evidenced
by unaltered body weight, normal serum biochemical
markers, and no obvious histopathological lesions in major
organs. The absence of systemic toxicity and local tissue
damage implies that CircRNA@FAiNVac exhibits favor-
able biosafety and tissue tolerance in vivo, consistent with
its mild, gradually degradable, and locally oriented
expression pattern. Such biocompatible in vivo behavior
reduces potential adverse reactions while maintaining
effective local antigen presentation, highlighting the clin-
ical translational potential of this biomineralized RNA
vaccine platform.

3 | CONCLUSION

The emergence of CircRNA@FAiNVac represents a para-
digm shift in nucleic acid vaccine delivery, addressing
critical limitations of conventional LNP platforms. By
leveraging biomimetic mineralization principles, this
study achieved the one‐pot synthesis of a formulation‐
adjuvant integrated nanovaccine, where MgPPi nano-
particles encapsulate circRNA during RCT. Unlike LNPs,
which rely on synthetic excipients with potential toxicity,
CircRNA@FAiNVac consists solely of nucleic acid pre-
cursors and physiological ions, ensuring superior
biocompatibility and mitigating adverse effects. This

inorganic carrier not only protects circRNA from degra-
dation but also functions as a promising adjuvant acti-
vating innate immune pathways and enhancing both
humoral and cellular responses in animal studies. The
sustained expression of the SARS‐CoV‐2 RBD antigen
further demonstrates the platform's potential for durable
immunization. Collectively, CircRNA@FAiNVac offers a
safer, more effective, and scalable alternative to traditional
delivery systems, paving the way for rapid response to
emerging pathogens.
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