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internalization, more efficient endosomal escape, and mitigating 
nonproductive leakage during endocytosis, leading to more effi-
cient intracellular release and protein expression. 

Beyond improved delivery properties, the inclusion of fluori-
nated components enables real-time tracking through 19F mag-
netic resonance techniques (NMR/MRI) (19). It offers distinct 
advantages for noninvasive tracking, including high specificity 
due to negligible endogenous background and quantitative signal 
correlation with probe concentration (20). However, its applica-
tion to lipid-based mRNA nanocarriers remains largely unex-
plored (21). To address this gap, we engineered FLNPs with 
distinct 19F signatures, enabling monitoring of carrier biodistri-
bution in vivo. Intriguingly, we observed that 19F NMR signals 
from FLNPs exhibit reversible suppression and recovery, reflecting 
dynamic nucleic acid binding and release. These signal fluctuations 
correlate with antigen expression, offering a real-time readout of 
delivery kinetics and vaccine efficacy. 

In this study, we engineered a panel of FLNPs with tunable 
fluorinated lipid content and employed 19F NMR to monitor their 
delivery performance in real time. We validated this strategy 
in vivo and demonstrated that optimized FLNPs achieve robust 
protein expression at the injection site with significantly reduced 
liver accumulation by 94.6%. Combining 19F NMR with qPCR 
further allowed us to delineate antigen trafficking from local 
expression to LN engagement, shedding light on the underlying 
mechanisms of immune activation. 

Taken together, our findings establish a powerful, noninvasive 
platform for the rational design and real-time optimization of 
next-generation mRNA vaccines. FLNPs not only mitigate key 
delivery bottlenecks but also enable dynamic performance evalu-
ation, offering substantial value for translational mRNA-LNP 
applications. 

Results 

Design and Synthesis of Fluorinated Lipids. To assess whether 
the incorporation of fluorinated lipids into LNPs could enhance 
nucleic acid transfection efficiency, we synthesized two lipids: 
bis(12-(perfluoro-tert-butoxyl)dodecyl)amine (FC12) and bis(6-
(perfluoro-tert-butoxyl)hexyl)amine (FC6). Both lipids bear a 
secondary amine and two symmetrical long alkyl chains. Under 
physiological pH, the secondary amine becomes protonated, 
enabling effective electrostatic interaction with negatively charged 
nucleic acids. The single alkyl chain contains 12 carbon atoms 
in FC12 and 6 carbon atoms in FC6, respectively. In addition, 
the presence of two perfluoro-tert-butyl groups provides a strong 
and well-resolved fluorine signal, facilitating sensitive tracking 
of lipid-nucleic acid interactions by fluorine magnetic resonance 
techniques (Fig. 1A). The chemical structure of FC12 and FC6 
was confirmed by 1H, 13C, and 19F NMR spectroscopy, and high- 
resolution mass spectrometry (HRMS). 

Comprehensive Physicochemical Assessment and 19F NMR 
Analysis of FLNPs. To assess whether incorporating fluorinated 
lipids into LNPs affects their physicochemical characteristics and
19F NMR properties, we formulated a series of LNPs. The control 
formulation was based on the composition used in Moderna’s 
COVID-19 vaccine, consisting of SM102, DSPC, cholesterol, 
and DMG-PEG2000 at a molar ratio of 50:10:38.5:1.5 (22). 
For the experimental group, 50% of SM102 was replaced with 
either FC6 or FC12, yielding a molar ratio of 25:25:10:38.5:1.5 
for the fluorinated lipid, SM102, DSPC, cholesterol, and DMG-
PEG2000, respectively. Plasmid DNA (pDNA) was selected as the 
model cargo, owing to its larger molecular weight, which can induce 

prominent alterations in 19F NMR signals upon interaction with 
fluorinated lipids (23, 24). The lipids and pDNA were mixed at a 
1:3 volume ratio to form the conventional LNPs (LNP-SM102) 
and FLNPs (LNP-25%FC12 and LNP-25%FC6) (Fig. 1B). 

The physicochemical properties of the resulting LNPs were 
characterized. Cryogenic electron microscopy (Cryo-EM) showed 
that all LNPs formed dense, spherical particles with a multilamel-
lar shell surrounding an amorphous core (Fig. 1C), and had an 
average diameter of approximately 100 nm. Dynamic light scat-
tering (DLS) measurements indicated hydrodynamic diameters 
of 107 ± 7 nm for LNP-SM102, 117 ± 5 nm for LNP-25%FC12, 
and 101 ± 4 nm for LNP-25%FC6, with corresponding polydis-
persity indices (PDIs) of 0.141 ± 0.014, 0.194 ± 0.003, and 0.144 
± 0.003, respectively (Fig. 1D). These results suggest that the 
incorporation of fluorinated lipids did not significantly alter LNP 
morphology, size, or size distribution. 

Encapsulation efficiency was quantified by labeling pDNA with 
Cy5 and measuring fluorescence intensity against a calibration curve. 
The efficiencies were 80.0 ± 3.4% for LNP-SM102, 82.5 ± 2.4% 
for LNP-25%FC12, and 79.8 ± 3.9% for LNP-25%FC6, indicating 
effective loading across all formulations (SI Appendix, Table S1 ). 

To assess protection against nuclease degradation, LNPs were 
treated with DNase I and analyzed by agarose gel electrophoresis. 
Heparin was employed to disrupt LNP integrity, exposing encap-
sulated nucleic acids to degradation. All three formulations effec-
tively protected nucleic acids from DNase I degradation (Fig. 1E 
and SI Appendix, Fig. S1). Notably, the nucleic acids remained 
intact even after exposure to a compression nebulizer followed by 
DNase I treatment, underscoring the potential of FLNPs for pul-
monary gene delivery (SI Appendix, Fig. S2 ).

19F NMR was employed to confirm the integration of fluori-
nated lipids into LNPs. A marked attenuation of the 19F signal, 
measured relative to a CF3NaO3S reference solution (−79.6 ppm), 
was observed in both FC12- and FC6-containing formulations 
(Fig. 1F). This reduction is likely due to the restricted mobility of 
fluorine atoms caused by their interaction with nucleic acids 
within the LNP. This hypothesis was further supported by longi-
tudinal (T1) and transverse (T2) relaxation time measurements: 
Both T1   and T2   were significantly reduced in FLNPs compared 
to free fluorinated lipids (SI Appendix, Table S2 ), indicating 
diminished molecular motion (25 , 26 ). 

To validate this mechanism, methanol was used to disrupt the 
LNP structures. This treatment liberated the fluorinated lipids, 
restoring fluorine mobility and partially recovering the 19F NMR 
signal (Fig. 1G). Collectively, these findings confirm the successful 
incorporation of fluorinated lipids into LNPs and demonstrate 
that fluorine signal attenuation arises from constrained mobility 
within the LNP architecture. 

Screening of the Optimal FLNP Formulation for In Vitro Nucleic 
Acid Delivery. To assess whether FLNPs enhance nucleic acid 
delivery, we transfected 293T cells using LNPs (0.195 ng/μL) 
encapsulating plasmids for enhanced green fluorescent protein 
(pEGFP) or luciferase (pLuc). The physicochemical properties of 
these formulations were characterized (SI Appendix, Fig. S3 and 
Table S1). Cell viability remained above 80% across all treatment 
groups, indicating negligible cytotoxicity (SI Appendix, Fig. S4). 

Among the tested LNPs, LNP-25%FC12 significantly outper-
formed both LNP-SM102 and LNP-25%FC6 in transfection effi-
ciency. Confocal laser scanning microscopy (CLSM) revealed more 
extensive EGFP expression in cells treated with LNP-25%FC12 
compared to LNP-SM102. Quantitative analysis using Image J 
demonstrated a 7.1-fold increase in EGFP fluorescence in the 
LNP-25%FC12 group relative to the control (Fig. 2 A and B ). D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 C

A
S 

IN
N

O
V

A
T

IO
N

 A
C

A
D

E
M

Y
 F

O
R

 P
R

E
C

IS
IO

N
 M

E
A

SU
R

E
M

E
N

T
 S

C
IE

N
C

E
 &

 T
E

C
H

 o
n 

Ja
nu

ar
y 

3,
 2

02
6 

fr
om

 I
P 

ad
dr

es
s 

20
2.

12
7.

15
3.

12
8.

http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials


Fig. 1. Characterization of FLNPs. (A) The synthesis of FC12 and FC6. Illustration showing the secondary amine headgroup, alkyl chains (tails), and perfluoro- 
tert-butyl groups that provide a single and well-resolved fluorine signal. (B) Schematic illustrating the formulation of FLNP. (C) Representative cryo-TEM images 
of LNPs. (Scale bar, 100 nm.) (D) Hydrodynamic size distribution of LNPs determined by DLS. A representative result is shown. (E) Agarose gel retardation assays 
of LNPs with or without DNase I treatment, free pEGFP served as a control. (F) 19F NMR of fluorinated Lipids and FLNPs. (G) 19F NMR of FLNPs with or without 
methanol treatment. CF3NaO3S (−79.6 ppm) was used as the 19F NMR reference at 128.7 mM (F) and 1 mM (G). pEGFP: Plasmid DNA encoding EGFP. 

PNAS  2026  Vol. 123  No. 1 e2519823123 https://doi.org/10.1073/pnas.2519823123 3 of 11 

Similarly, luciferase activity quantified by luminescence assay 
showed a 6.8-fold enhancement in the LNP-25%FC12 group com-
pared to LNP-SM102 (Fig. 2C ).           

To investigate the molecular mechanisms by which FC12 and 
FC6 influence LNP transfection efficiency, we constructed LNP 
lipid bilayers and characterized their structural properties through 
long-time all-atom molecular dynamics simulations. Our results 
show that FC12 significantly enhances the rigidity of the lipid 
membrane. Specifically, compared to the SM102 system, incorpo-
ration of 25% FC12 increased the overall lipid order parameter 
while reducing the average lipid area (SI Appendix, Fig. S5 A and 
B). In contrast, due to its shorter tail length, FC6 led to a more 
disordered lipid arrangement, with a decreased tail order parameter 

and an increased average lipid area. This looser packing facilitated 
water penetration into the bilayer (SI Appendix, Fig. S5C ), thereby 
compromising membrane stability and potentially LNP integrity. 
Furthermore, the results also indicate that FC12 has a certain 
impact on lipid fluidity; the bilayer containing 25% FC12 exhib-
ited markedly higher fluidity than the other systems (SI Appendix, 
Fig. S5D). These findings suggest that FC12 enhances both the 
stability and fluidity of the LNP membrane, which may underlie 
its role in improving the DNA transfection efficiency. 

To determine the optimal fluorinated lipid content, we synthesized 
LNPs with varying FC12-to-SM102 molar ratios: LNP-12.5%FC12 
(3:1), LNP-25%FC12 (1:1), and LNP-37.5%FC12 (1:3). All formu-
lations exhibited comparable size, PDI, and ζ-potential (Fig. 2D ) and D
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Fig. 2. �6�F�U�H�H�Q�L�Q�J���R�I���W�K�H���R�S�W�L�P�D�O���)�/�1�3���I�R�U�P�X�O�D�W�L�R�Q������A�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���5�X�R�U�H�V�F�H�Q�W���L�P�D�J�H�V���R�I���(�*�)�3���H�[�S�U�H�V�V�L�R�Q���L�Q������ ���7���F�H�O�O�V���I�R�O�O�R�Z�L�Q�J���W�U�H�D�W�P�H�Q�W���Z�L�W�K���S�(�*�)�3-�O�R�D�G�H�G 
�/�1�3�V�����7�K�H���F�R�P�P�H�U�F�L�D�O���W�U�D�Q�V�I�H�F�W�L�R�Q���U�H�D�J�H�Q�W���/�L�S�R�������������/�L�S�R�����Z�D�V���X�V�H�G���D�V���D���F�R�Q�W�U�R�O�������6�F�D�O�H���E�D�U��������������P��������B�����/�1�3-�P�H�G�L�D�W�H�G���S�(�*�)�3���G�H�O�L�Y�H�U�\�����Q��� �����������������7���F�H�O�O�V���Z�H�U�H��
�W�U�H�D�W�H�G���Z�L�W�K���S�(�*�)�3-�O�R�D�G�H�G���/�1�3�������������Q�J�����R�U���I�U�H�H���S�(�*�)�3���������� �Q�J���S�H�U���Z�H�O�O�����I�R�U���������K������C�����/�1�3-�P�H�G�L�D�W�H�G���S�/�X�F���G�H�O�L�Y�H�U�\�����Q��� �����������������7���F�H�O�O�V���Z�H�U�H���W�U�H�D�W�H�G���Z�L�W�K���S�/�X�F- 
�O�R�D�G�H�G���/�1�3�����������Q�J�����R�U���I�U�H�H���S�/�X�F�����������Q�J���S�H�U���Z�H�O�O�����I�R�U���������K������D�����3�K�\�V�L�F�R�F�K�H�P�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���/�1�3-�)�&�������I�R�U�P�X�O�D�W�L�R�Q�V�����Q��� �����������7�K�H���P�R�O�D�U���U�D�W�L�R���R�I���O�L�S�L�G���F�R�P�S�R�Q�H�Q�W�V��
�L�V���V�K�R�Z�Q�����)�&�������6�0���������'�6�3�&���F�K�R�O�H�V�W�H�U�R�O���'�0�*-�3�(�*��������������E�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���5�X�R�U�H�V�F�H�Q�W���L�P�D�J�H�V���R�I���(�*�)�3���H�[�S�U�H�V�V�L�R�Q���L�Q���������7���F�H�O�O�V���I�R�O�O�R�Z�L�Q�J���W�U�H�D�W�P�H�Q�W���Z�L�W�K���/�1�3�V��
�I�R�U������ �K�������6�F�D�O�H���E�D�U��������������P��������F�����/�1�3-�P�H�G�L�D�W�H�G���S�(�*�)�3���G�H�O�L�Y�H�U�\�����Q��� �����������V�D�P�H���F�R�Q�G�L�W�L�R�Q�V���D�V���L�Q����B��������G�����/�1�3-�P�H�G�L�D�W�H�G���S�/�X�F���G�H�O�L�Y�H�U�\�����Q��� �����������V�D�P�H���F�R�Q�G�L�W�L�R�Q�V���D�V���L�Q��
��C�������S�/�X�F�����3�O�D�V�P�L�G���'�1�$���H�Q�F�R�G�L�Q�J���4�U�H�5�\���O�X�F�L�I�H�U�D�V�H�� 

�����R�I�������K�K�E�K�W�W�S�V�������G�R�L���R�U�J�������������������S�Q�D�V���������������������� �S�Q�D�V���R�U�J 

maintained cell viability above 80% at pDNA concentrations below 
0.5 ng/�L (SI Appendix, Fig. S4 ). 

Transfection e�ciency was assessed using both pEGFP and 
pLuc reporters. All FLNPs exhibited higher gene expression levels 
than the benchmark LNP-SM102, and transfection e�cacy pos-
itively correlated with the proportion of FC12 (Fig. 2 E –G ). 
Notably, LNP-37.5%FC12 yielded 14.4-fold and 12.3-fold 
increases in EGFP and luciferase expression, respectively, com-
pared to LNP-SM102. However, LNP-37.5%FC12 displayed a 
considerably lower nucleic acid encapsulation e�ciency (61.4 ± 
7.0%) compared to the other formulations (Fig. 2D ). We studied 
the DNA-binding abilities of FC12 and SM102 molecules using 
the molecular docking method. �e results show that the head 
groups of both FC12 and SM102 can insert into the minor groove 
of DNA, forming several stable polar interactions. Compared with 
FC12, SM102 has lower binding energy and stronger binding 
ability with DNA (�3.947 kcal/mol for FC12 and �4.535 kcal/mol   
for SM102) (SI Appendix, Fig. S6). �e results indicate that 
SM102 has greater DNA adhesion ability, thereby enabling 
stronger encapsulation ability of LNP. 

Balancing protein expression with encapsulation performance, 
LNP-25%FC12 emerged as the most practical and cost-e�ective 
option for further studies. It achieved a 7.1-, and 6.8-fold increase 
in EGFP and luciferase expression relative to LNP-SM102, 
respectively; while maintaining a high encapsulation e�ciency of 
82.5 ± 2.4%. 

Mechanistic Exploration of Enhanced Nucleic Acid Transfection 
by FLNPs. �e e�cient intracellular release of nucleic acids is a 
critical determinant of transfection e�ciency. To elucidate the 
interaction between ionizable lipids and nucleic acids within 
LNPs, we �uorescently labeled SM102 and FC12 with Cy3 and 
the pEGFP plasmid with Cy5. �ese labeled components were 
used to formulate corresponding LNPs (SI Appendix, Fig.�S7). 
Fluorescence spectroscopy con�rmed the occurrence of Förster 
resonance energy transfer (FRET), demonstrating electrostatic 
interactions between the ionizable lipids (SM102 or FC12) 
and pEGFP (SI Appendix, Fig.�S8). Loss of FRET signal upon 
nucleic acid release con�rmed the lipid-DNA dissociation 
(Fig.�3A). 

To investigate intracellular tra�cking, CLSM was performed 
2 h postincubation to capture early endocytosis events. Cells 
treated with LNP-25%FC12 displayed signi�cantly stronger red 
�uorescence (Cy5, marked by white arrows) compared to those 
treated with LNP-SM102, indicating substantially lower exposure 
of pEGFP during endocytosis and higher cell uptake (Fig. 3B ). 
Given that even the transient leakage of nucleic acid cargoes can 
lead to degradation by DNase I, the improved protection of 
pEGFP within LNP-25%FC12 likely contributes to its higher 
transfection e�cacy compared to LNP-SM102 (Fig. 3C ). 

To quantify cellular uptake, we employed CLSM and �ow 
cytometry using Cy5-labeled pEGFP. CLSM revealed remarkably 
stronger �uorescence (marked by white arrows) in cells incubated 
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cells treated with LNP-25%FC12 exhibited notably stronger red �u-
orescence (marked by red arrows) than those treated with LNP-SM102, 
indicating enhanced endosomal escape (Fig. 3F and SI Appendix, 
Fig. S10). In contrast, cells treated with LNP-SM102 showed more 
colocalized yellow signals (marked by yellow arrows), signifying endo-
somal entrapment. Quantitative analysis using Image J revealed that 
the endosomal escape e�ciency of LNP-25%FC12 was approximately 
1.5-fold higher than that of LNP-SM102 (Fig. 3F ).  

Correlation between 19F NMR Signal Recovery and Nucleic 
Acid Release during FLNP Transfection. To investigate the 
relationship between �uorine signal recovery and nucleic acid 
release, we monitored the 19F NMR signals of 293T cells treated 
with LNP-25%FC12 over a time course from 6 to 48 h. A time- 
dependent increase in 19F signal recovery was observed, plateauing 
at approximately 18 h (Fig.�4 A and B). �ese �ndings suggest that
19F signal recovery precedes maximal protein expression, which 
typically requires 48 h, and may serve as an early indicator of LNP 
disassembly and nucleic acid release. 

We then measured the 19F NMR signals in 293T cells treated 
with LNPs containing varying ratios of FC12 (12.5%, 25%, 37.5%) 
(Fig. 4C). �e recovered 19F NMR signal intensity was positively 
correlated with reporter gene expression, with a linear correlation 
coe�cient of 0.9629 (Fig. 4D). �e observed 19F NMR signal 
changes were consistent with the 19F MRI signal intensities from cell 
lysate treated with LNP-25%FC12 for 48 h (Fig. 4E). In addition, 
cells treated with LNP-25%FC6 also showed partial restoration of 
the 19F NMR signal, although the signal magnitude was markedly 
lower than that of the LNP-25%FC12 group, suggesting less exten-
sive lipid and nucleic acid release and correspondingly reduced trans-
fection e�ciency (SI Appendix, Fig. S11 ). 

�ese results support a mechanistic model wherein FLNPs, 
following the endosomal escape, disassemble to release �uorinated 
lipids and nucleic acids. �is release facilitates both protein expres-
sion and restoration of the �uorine signal by altering the microen-
vironment and molecular dynamics of the �uorinated lipids, 
thereby increasing 19F NMR detectability. Accordingly, 19F signal 
recovery re�ects the extent of nanoparticle disassembly and nucleic 
acid release, serving as a surrogate marker for transfection e�-
ciency (Fig. 4F ). 

To validate this correlation in vivo, we administered LNP-37.5%FC12 
and LNP-25%FC6 into both sides of the gastrocnemius muscle of mice 
and acquired 19F NMR data 48 h postinjection. �e LNP-37.5%FC12 
group showed greater restoration of the target peak signal compared to 
LNP-25%FC6 (Fig. 4G and SI Appendix, Fig. S12), consistent with 
the lysate NMR results (SI Appendix, Fig. S13 ). Moreover, 19F MRI 
revealed a visible signal at the injection site for the LNP-37.5%FC12 
group, further corroborating the in vivo disassembly and signal recovery 
(Fig. 4H ). 

Postmortem analysis of cryosectioned gastrocnemius tissues 
revealed stronger EGFP �uorescence in the LNP-37.5%FC12 
group compared to the LNP-25%FC6 group (SI Appendix, 
Fig. S14). In a separate cohort, mice were injected with LNPs 
encapsulating luciferase mRNA (mLuc), and bioluminescence 
imaging showed signi�cantly stronger signal-5.8-fold higher-in 
the LNP-37.5%FC12 group than in the LNP-25%FC6 group 
(Fig. 4I). Hematoxylin and eosin (H&E) staining con�rmed the 
absence of local tissue damage or in�ammatory response following 
LNP administration (SI Appendix, Fig. S14 ). 

Collectively, these results establish a quantitative correlation 
between 19F NMR/MRI signal recovery and FLNP disassembly 
in vivo, thereby enabling noninvasive monitoring of nucleic acid 
release and subsequent protein expression. 

�–�Q�� �9�L�Y�R�� �P�5�1�$�� �7�U�D�Q�V�I�H�F�W�L�R�Q�� �E�\�� �)�/�1�3�V�� �D�Q�G�� �&�R�O�R�F�D�O�L�]�D�W�L�R�Q�� �R�I��
Expressed Protein and Immune Cells in dLNs. To explore the 
potential of FLNPs for mRNA delivery in nucleic acid vaccines, 
we synthesized and characterized mRNA-loaded LNP-SM102 
and FLNPs, assessing their transfection e�ciency both in�vitro 
and in�vivo (SI�Appendix, Fig.�S3 and Table�S3). In�vitro, FLNPs 
exhibited slightly reduced mRNA transfection e�ciency compared 
to LNP-SM102 (SI� Appendix, Figs.� S15 and S16). However, 
in�vivo bioluminescence imaging revealed that LNP-25%FC12 
achieved comparable transfection e�ciency to LNP-SM102 while 
markedly attenuating liver expression (Fig. 5 A–C and SI Appendix, 
Fig.�S17). �is reduced o� -target expression observed with FLNPs 
suggests a lower risk of hepatotoxicity, an advantageous property 
for mRNA vaccine delivery. 

To further evaluate the vaccine delivery potential of FLNPs, 
we administered mLuc-loaded LNP-SM102 or LNP-25%FC12 
via subcutaneous (s.c.) injection at the tail base of BALB/c nude 
mice. Luciferase expression was imaged 24 h postinjection using 
in vivo bioluminescence (Fig. 5D). Consistent with results from 
intramuscular injections, LNP-25%FC12-treated mice displayed 
lower hepatic luciferase expression. Both LNP formulations pri-
marily transfected the injection site and reached the inguinal 
lymph nodes (iLNs), with comparable transfection e�ciency at 
both locations (Fig. 5 E and F). �ese results indicate that FLNPs 
can localize antigen expression to both injection and lymphoid 
sites while minimizing systemic exposure. 

To further investigate FLNP biodistribution, we performed
19F NMR on tissue lysates from iLNs and tail base of 
FLNP-treated mice. A detectable 19F signal was observed only 
at the injection site, indicating localized disassembly of FLNPs 
(Fig. 5G). Protein expression, however, was observed in both the 
injection site and iLNs. Quantitative PCR analysis of EGFP 
mRNA revealed that the majority of the delivered mRNA 
remained at the injection site, with only trace amounts detected 
in the iLNs (Fig. 5H). �ese results suggest that while FLNPs 
predominantly degrade locally, the expressed protein products— 
rather than the LNPs or mRNA—are transported to the draining 
lymph nodes. 

To investigate the cellular mechanisms underlying this trans-
port, we performed CLSM on cryosectioned iLN. EGFP signal 
was found to colocalize with CD169, a surface marker of sub-
capsular sinus macrophages and specialized antigen-presenting 
cells (APCs), such as dendritic cells and macrophages (Fig. 5I ). 
CD169+ macrophages are resident in lymph nodes and play a 
key role in immune regulation (27). �is spatial colocalization 
suggests that APCs at the injection site internalize and transport 
the antigenic proteins to the iLNs, facilitating lymph node- 
resident immune activation (Fig. 5J ).   

Discussion 

 LNP-mediated delivery of mRNA has emerged as a cornerstone 
technology in nucleic acid vaccine development (3). Despite its 
clinical success, the mechanisms driving the immunogenicity of 
mRNA-LNP vaccines remain poorly understood (8 , 28). In this 
study, we sought to elucidate the biodistribution patterns of both 
mRNA-expressed antigens and their LNP carriers, which is crit-
ical for understanding how immune activation is initiated. 
�rough combined application of 19F NMR and qPCR, we found 
that antigen expression was predominantly localized at the injec-
tion site, which subsequently recruited immune cells that migrated 
to the iLNs. �ese �ndings provide insights into the spatial 
dynamics of antigen presentation and immune activation 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
A

S 
IN

N
O

V
A

T
IO

N
 A

C
A

D
E

M
Y

 F
O

R
 P

R
E

C
IS

IO
N

 M
E

A
SU

R
E

M
E

N
T

 S
C

IE
N

C
E

 &
 T

E
C

H
 o

n 
Ja

nu
ar

y 
3,

 2
02

6 
fr

om
 I

P 
ad

dr
es

s 
20

2.
12

7.
15

3.
12

8.

http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519823123#supplementary-materials


Fig. 4. Correlation between 19F NMR signal recovery and nucleic acid release during FLNP transfection. (A and B) 19F NMR and quantitative analysis of 293T cells 
treated with LNP-25%FC12 for 6 to 48 h. (C) 19F NMR of LNP-12.5%FC12, LNP-25%FC12, or LNP-37.5%FC12 and 293T cells treated with corresponding FLNPs for 
18 h. CF3NaO3S (−79.6 ppm) was used as the 19F NMR reference at 1 mM. (D) Linear correlation between the change in 19F NMR signal and EGFP intensity. (E) 19F 
MRI of cell lysates. 293T cells were treated with LNP-25%FC12 for 48 h, then lysed with RIPA buffer. (F) Schematic representation of FLNPs enhancing nucleic acid 
delivery while simultaneously enabling noninvasive, real-time monitoring of nucleic acid release via 19F NMR. (G) The 19F NMR of LNP-37.5%FC12 (−71.3 ppm) 
and mice intramuscularly injected with LNP-37.5%FC12 for 48 h. (H) 1H T1-weighted/19F dual-nuclei MRI of mice intramuscularly injected with LNP-37.5%FC12 
for 48 h. (I) Representative in vivo bioluminescence images of mice treated with PBS, LNP-37.5%FC12, or LNP-25%FC6 for 24 h. In vivo bioluminescence imaging 
at 24 h posttreatment of mLuc-loaded LNPs (n = 3). Mice were i.m. injected with mLuc-loaded LNPs (5 μg mRNA per mouse) in the right gastrocnemius muscle. 
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following mRNA vaccination and support the rational design of 
future LNP formulations. 

Previous studies have extensively validated that fluorination 
enhances the delivery efficiency of various gene vectors, including 

fluoropolymers (29), fluorinated dendrimers (30), and FLNPs   
(31 , 32). These systems consistently showed transfection efficiencies 
comparable to commercial standards (e.g., Lipofectamine) and often 
exceeded their nonfluorinated analogs by twofold to threefold in D
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Fig. 5.    19F NMR reveals FLNP-mediated delivery to iLNs for vaccine applications. (A) In vivo bioluminescence imaging at 24 h posttreatment of mLuc-loaded LNPs 
(n = 3). Mice were i.m. injected with mLuc-loaded LNPs (5 μg mRNA per mouse) at the right gastrocnemius muscle. Dashed circles indicate livers. Total flux at the 
injection site (B) and livers (C) were quantified. (D) In vivo bioluminescence imaging at 24 h posttreatment of mLuc-loaded LNPs (n = 3). Mice were s.c. injected 
with mLuc-loaded LNPs (5 μg mRNA per mouse) at the tail base. Dashed circles indicate iLNs. Total flux at the two iLNs (E) and injection site (F) was quantified. 
(G) 19F NMR of tissue lysates from the iLNs or tail base after 24 h of treatment with LNP-25%FC12. CF3NaO3S (−79.6 ppm) at 1 mM was used as the reference. (H) 
EGFP mRNA expression in iLNs and tail base tissues, analyzed by RT-qPCR with GAPDH as reference gene. Tissues were collected 6 h postinjection of mEGFP- 
loaded LNPs (5 μg mRNA per mouse, n = 3). (I) Fluorescence microscopy of iLNs 24 h post–s.c. injection of mEGFP-loaded LNPs, showing EGFP expression (green), 
CD169+ cells (red), and nuclei (DAPI, blue). (Scale bar, 50 μm.) (J) Schematic representation illustrating that changes in the 19F NMR signal at the injection site and 
iLNs indicate antigen uptake by antigen-presenting cells, which then migrate to the iLNs. 
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cellular models (32). Our findings align well with these observations, 
further confirming the potential of fluorination to enhance gene 
delivery systems. 

An ideal gene delivery vehicle should provide comprehensive pro-
tection for the payload across all delivery stages, encompassing extra-
cellular targeting, endocytosis, and endosome escape before release 
into the cytoplasm (33 , 34). Premature nucleic acid leakage during 
this process poses a significant risk of degradation by nuclease, ulti-
mately compromising transfection inefficiency. While traditional 
optimization efforts for LNP formulations have primarily focused on 
enhancing cell uptake and endosome escape (31 , 35), our study intro-
duces a unique perspective: Fluorinated lipids provide comprehensive 

protection to nucleic acids at every stage of delivery, including the 
often-overlooked endocytosis phase, where transient exposure may 
occur. This added layer of protection contributes significantly to the 
superior transfection efficiency observed with FLNPs compared to 
conventional LNPs, emphasizing the importance of addressing the 
entire gene delivery pathway rather than focusing on isolated steps. 

Furthermore, our results establish that recovery of 19F NMR/ 
MRI signals correlates with the disassembly of FLNPs and the intra-
cellular release of nucleic acids. This correlation offers a noninvasive 
method to monitor nucleic acid release in real time and predict 
transfection outcomes. Notably, the applicability of this strategy 
may extend beyond nucleic acids to other cytosolic macromolecules, D
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such as peptides or proteins, suggesting broad utility for 19F-labeled 
carriers in intracellular delivery applications. 

To identify optimal formulations, we systematically screened 
FLNPs composed of various fluorinated lipids and doping ratios. 
We identified LNP-25%FC12 as a lead candidate that balances 
effective transfection with reduced off-target expression. However, 
several limitations should be acknowledged. 

First, the observed enhancement in transfection efficiency may 
not be attributed solely to fluorination, as the fluorinated lipids used 
are not direct analogs of SM102. Although doping with fluorinated 
lipids largely preserves the structure integrity of the original LNPs, 
entirely fluorinated lipid-based LNPs may exhibit distinct structural 
properties, which merit further exploration. 

Second, our assessment of endosomal escape relied on fluorescence 
colocalization (Cy5-LNP vs. LysoTracker), where noncolocalized red 
signals were interpreted as evidence of escape (34). Although straight-
forward, this method is indirect, resolution-limited, and susceptible 
to overestimation. More rigorous approaches, such as parallel electron 
microscopy, would allow more precise quantification (36 ). 

Third, our primary in vivo screening was performed using pDNA 
rather than mRNA. Due to differences in molecular weight, struc-
ture, and packaging, pDNA may exhibit different interactions with 
fluorinated lipids than mRNA, potentially leading to more pro-
nounced 19F signal attenuation. Bridging the methodological gap 
between pDNA- and mRNA-based screening will require improved 
NMR/MRI hardware sensitivity and optimized labeling strategies 
to facilitate accurate monitoring of RNA-based formulations. 

Finally, the current screening method is constrained by its low 
throughput, as overlapping fluorine chemical shifts preclude mul-
tiplexed evaluation of FLNP candidates. To address this limitation, 
we are developing fluorinated lipids with spectrally resolvable 19F 
signatures, enabling simultaneous in vivo assessment of multiple 
FLNP variants. This innovation will significantly enhance the 
scalability and translational potential of our platform. 

Materials and Methods 

Materials. 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC, ≥95%) and 1,2-dimy 
ristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG 2000,≥90%) were 
purchased from Ruixi Biological Technology in Xi’an, China. Cholesterol (≥99%) was 
acquired from Sigma-Aldrich in Shanghai, China. Heptadecan-9-yl 8-((2-hydroxyethyl) 
(6-oxo-6-(undecyloxy)hexyl)amino)octanoate) (SM102, 98.7%) was obtained from 
Sinopeg in Xiamen, China. pEGFP and pLuc were purchased from Brain Case in 
Shenzhen, China. The mRNA encoding Enhanced Green Fluorescent Protein (mEGFP) 
or firefly luciferase (mLuc) were purchased from Absin, Shanghai, China.The nucleic acid 
labeling kit was sourced from Thermo Fisher in Waltham, USA. The 293T cell line was 
obtained from the cell bank of the Chinese Academy of Sciences in Shanghai, China. 

General Information. 1H, 13C, 19F NMR spectra were recorded using Bruker 400 
MHz and 500 MHz instruments. Chemical shifts are reported in parts per million 
(ppm). 1H NMR spectra were referenced to tetramethylsilane (d, 0.00 ppm) using 
CDCl3 (s, 7.26 ppm) as the solvent, and 13C NMR spectra were referenced to the 
solvent carbons (77.2 ppm for CDCl3). 19F NMR spectra were referenced to 2% 
sodium triflate (s, −79.6 ppm) in D2O. High-resolution mass spectra (HRMS) were 
recorded using a Thermo Fisher Scientific Q Exactive Focus. The UV-vis absorp-
tion spectra were carried out by a Shimadzu UV-2 spectrophotometer (UV-vis 
spectrometer). The fluorescence spectra were measured on an Edinburgh FS5 
fluorescence spectrometer equipped with a 150 W xenon lamp. 

Synthesis of Cy5-Labeled Nucleic Acids. Tiangen High Pure Maxi Plasmid 
Kit (DP116) (Tiangen, China) was used to extract the plasmids expressing EGFP 
or Luciferase, which were then diluted to 1 μg/μL for subsequent experiments. 
Plasmids were labeled Cy5 by using Ulysis™ Alexa Fluor™ 647 Nucleic Acid 
Labeling Kit from Thermo Fisher in the United States following the manufacturer’s 
instructions. The pEGFP-Cy5 were then purified from the excess labeling reagent 
using a 3 kDa molecular weight cut-off cassette and stored at −20 °C. 

Synthesis of Cy3-Labeled Fluorinated Lipids. Fluorinated lipids (FC12 and 
FC6) were first reacted with 4-bromo-1-butyne in acetonitrile with potassium 
carbonate and potassium iodide to generate alkyne-labeled derivatives. These 
intermediates then underwent a copper-catalyzed click reaction with Cy3-N3, 
yielding Cy3-labeled fluorinated lipids (Cy3-FC12 and Cy3-FC6). Using the same 
strategy, Cy3-labeled SM102 (Cy3-SM102) was synthesized. Alkyne-labeled 
SM102 was efficiently prepared by Williamson ether synthesis between SM102 
and 4-bromo-1-butyne, followed by click conjugation with Cy3-N3. Full details 
of the synthesis procedures are provided in the SI Appendix. 

LNP Formulation and Characterization. Ionizable lipids (with or without fluor-
inated lipids), DSPC, cholesterol, and DMG-PEG2000 at a designated molar ratio 
were dissolved in the ethanol phase. Nucleic acids were dissolved in 50 mM citrate 
buffer (pH = 3.0). For initial in vitro screening, LNPs were prepared by pipette 
mixing the aqueous and ethanol phases at a 3:1 volume ratio, followed by dilu-
tion in 1× PBS for cell treatment (37). For subsequent experiments, LNPs were 
formulated by microfluidic mixing (38, 39).The aqueous phase and ethanol phase 
were mixed at a 3:1 volume ratio using a commercial double-sided herringbone 
microstructure chip (Model SHM DS; NanoMicroFlo Technology Co., Ltd.), with a 
channel width of 300 μm, depth of 200 μm, mixing length of 90 mm, and a flow 
rate of 4 mL/min. Detailed fabrication specifications and operating protocols are 
available from the manufacturer (https://www.nanomicroflo.com/). 

Cy3-  or Cy5-labeled LNPs were obtained by tagging the fluorinated lipid or 
pDNA prior to mixing the ethanol phase and aqueous phase. Impurities were 
removed from LNP crude solutions using PD-10 column chromatography. The 
LNPs were then dialyzed against 1× PBS using a 100 kDa molecular weight cut-
off cassette and then stored at 4 °C. 

The pDNA encapsulation efficiency of LNPs was evaluated by calculating the ratio 
of Cy5 signal in the eluent (unencapsulated pDNA) to the total Cy5 signal added using 
fluorescence spectrometer. The encapsulation efficiency of mRNA within the LNPs 
was quantified using the Quant-iT RiboGreen RNA assay kit (Thermo Fisher, USA).To 
distinguish between encapsulated and free mRNA, each LNP formulation was diluted 
20-fold in two different solutions: a standard 1× TE buffer and a 1×TE buffer contain-
ing 0.1% Triton X-100 (Solarbio, China), which disrupts the lipid shells to release the 
RNA.The diluted samples, alongside an RNA standard curve, were added into a black, 
clear-bottom 96-well plate. After adding 100 µL of RiboGreen reagent to each well, 
fluorescence was measured at an emission wavelength of 520 nm using a microplate 
reader (Molecular Devices, UK).The RNA concentration for each sample condition was 
determined by interpolating values from the standard curve, which was generated 
by univariate least-squares linear regression. Encapsulation efficiency (EE) was then 
calculated using the formula: EE (%) = (X − Y)/X × 100, where X represents the total 
RNA content (measured in Triton X-100) and Y represents the unencapsulated, free 
RNA content (measured in TE buffer alone). 

The size distribution, PDI, and ζ-potential of nanoparticles were determined 
by a DLS instrument (Malvern, Nano ZS 90, UK). The hydrodynamic diameter 
was derived from the diffusion coefficient (D), which was obtained by fitting the 
correlation curve to an exponential model. The diameter was then calculated 
using the Stokes–Einstein equation (DH = kT/3 πηD), where k is the Boltzmann 
constant, T is the absolute temperature, and η is the solvent viscosity.The number- 
weighted mean diameters reported in the manuscript were determined from the 
size distribution using Mie theory conversion. 

The apparent pKa, defined as the pH at which 50% of the ionizable groups in 
the LNP are protonated, was determined using a 6-(p-toluidinyl)naphthalene- 
2-sulfonic acid (TNS) fluorescence assay. Buffered solutions containing 150 mM 
sodium chloride, 20 mM sodium phosphate, 20 mM citrate, and 20 mM Tris-HCl 
were prepared and adjusted to pH values ranging from 3.0 to 12.0. For each 
measurement, 193 µL of the pH-adjusted buffer and 5 µL of the LNP formulation 
were dispensed in quadruplicate into black 96-well plates. Subsequently, 2 µL 
of TNS was added to each well to a final concentration of 6 µM. Fluorescence 
intensity was recorded using a microplate reader (Molecular Devices, UK) with 
excitation at 322 nm and emission at 431 nm. 

Cryo-TEM imaging was performed using a Thermo Scientific™ Glacios™ trans-
mission electron microscope. Samples were blotted for 3 s with a blot force of 3, 
followed by a wait time of 3 s before vitrification. 

Stability Test of LNPs. The LNPs were diluted with 1× PBS, and nucleic acids 
were dissolved in ddH2O. Both solutions were mixed with or without DNase I and D
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incubated at 37 °C for 10 min. The final concentration of nucleic acids in each 
sample was 0.1 μg/μL. The stability of LNPs was analyzed using electrophoretic 
mobility-shift assays in a 1% agarose gel in standard TAE buffer for 1 h.The nucleic 
acid bands were detected using the iBright FL 1500 Imaging System from Thermo 
Fisher in the United States. Naked pDNA served as a control. 

Cell Culture and Transfection of LNP. 293T cells were cultured in DMEM sup-
plemented with 10% FBS and 1% penicillin–streptomycin and incubated at 37 °C 
in a 5% CO2 environment. To evaluate mRNA delivery efficiency in vitro, 2 × 104 

293T cells were seeded in 35 mm glass-bottom dishes from NEST, China. After 
overnight incubation at 37 °C, LNPs containing 390 ng of pDNA or 400 ng of mRNA 
were added to each dish. The cells were then incubated for 48 or 24 h, respec-
tively, at 37 °C.After incubation, cells were stained with DAPI, and EGFP expression 
was assessed using a CLSM. The commercial transfection reagent Lipo8000 from 
Beyotime, China, was used as a positive control for pDNA-loaded LNPs. 

Cytotoxicity Studies. 293T cells were incubated with LNPs for 48 h. The cell 
viability was measured using the cell counting kit-8 (CCK-8) assay according to 
the manufacturer’s instructions (APExBIO. USA).The results were measured using 
a microplate reader at 450 nm. 

Imaging with Confocal FRET Microscopy. Images were captured using a Nikon 
A1R/A1 CLSM from Nikon, Japan. The filter sets used were as follows: the green 
channel (donor Cy3: excitation/donor emission = 561/570 nm), the red channel 
(acceptor Cy5: excitation/acceptor emission = 640/670 nm), and the FRET channel 
(FRET: donor excitation/acceptor emission = 561/670 nm). Three different types 
of samples, containing only donor, only acceptor, and both donor and acceptor, 
were examined using each of the three filters (40). 

Cell Uptake of LNPs. 293T cells were seeded at 5 × 104 cells/well in a 12-well 
plate 1 d before transfection. The cells were then incubated with Cy5-labeled 
LNPs for 1, 2, 4, 6, 8, and 12 h. Subsequently, the cells were analyzed using flow 
cytometry (Beckman Coulter). Each assay was performed in triplicate. 

In Vitro mLuc Delivery. 293T cells were seeded onto a 96-well plate at a 
density of 12,500 per well and incubated overnight. Cells were then treated 
with pLuc-loaded LNPs for 48 h or with mLuc-loaded LNPs for 24 h. Luciferase 
expression was evaluated by Luciferase Reporter 1000 Assay System (E4550, 
Promega) according to the manufacturer’s protocols. The relative luciferase 
expression was reported as relative light units normalized to cell number. Free 
pDNA or mRNA served as controls. 

Endosomal Escape of LNPs. 293T cells were seeded at 2 × 105 cells in 35 
mm glass-bottom dishes 1 d before transfection. The cells were then incubated 
with Cy5-labeled LNPs for 2 to 4 h. Afterward, the cells were sequentially stained 
with LysoTracker Green (Beyotime, China) for 30 min and Hoechst 33342, also 
from Beyotime, for another 30 min. Images were captured immediately using a 
confocal laser scanning microscope. 
19F NMR Measurements. All 19F NMR experiments utilized CF3NaO3S as an 
internal standard to determine the fluorine content. Briefly, the mixture of fluor-
inated lipid and CF3NaO3S was placed in an NMR tube, and one-dimensional (1D) 
19F spectra were acquired using the following parameters: Prescan delay = 18 μs, 
Transmitter frequency offset = −35,487.01 Hz, Number of scans = 128, Receiver 
gain = 32. The 19F NMR spectra exhibited two narrow peaks, corresponding to 
the fluorinated lipid and CF3NaO3S, respectively. 

Cell Experiment for 19 F NMR/MRI. After transfecting 293T cells with pEGFP loaded 
LNP-25%FC12 for 6,12,18,24,36,and 48 h,1 × 108 cells were harvested and lysed 
using RIPA buffer. The cell lysates were then centrifuged at 12,000 g for 5 min. The 
supernatant solutions were then collected for 19F NMR/MRI assessment. 

Animal. All experimental procedures involving animals strictly adhered to the 
Guideline for Animal Care and Use, Innovation Academy for Precision Measurement 
Science and Technology, Chinese Academy of Sciences (APM21013T). The mouse 
experimental protocols were conducted in accordance with the Regulations for the 
Administration of Affairs Concerning Experimental Animals, which were approved by 
the State Council of the People’s Republic of China. BALB/c female nude mice and 
C57BL/6 female mice (6 to 8 wk old, approximately 20 g) were obtained from Beijing 
Vital River Laboratory Animal Technology Co. Ltd. The mice were fed a standard 

irradiated rodent chow diet at the same time every day and housed in a room with 
a 12-h light–dark cycle at 22 °C, with lights off from 6 p.m. to 6 a.m. 

In Vivo 19 F MRI. The mice received 50 μL of pDNA-loaded FLNPs in each gastroc-
nemius muscle, respectively. 48 h after injection, the mice were anesthetized with 
an intraperitoneal injection of 150 μL of 1% sodium pentobarbital solution. 1H/19F 
MRI was performed using a 9.4T wide-bore NMR spectrometer. Radio frequency 
transmission and reception were facilitated using 30 mm inner diameter 1H (400 
MHz) and 19F (376.5 MHz) coils. 

1H MRI was carried out using the rapid acquisition with refocused echoes (RARE) 
method, with the following parameters: number of averages = 4, repetition time 
(TR) = 6,000 ms, effective time (TE) = 56 ms, field of view (FOV) = 30 mm × 30 
mm, slice thickness (ST) = 1 mm, and matrix size = 256 × 256. 

For 19F MRI, the parameters were number of averages = 256, TR = 200 ms, 
TE = 3 ms, matrix size = 64 × 64, FOV = 30 mm × 30 mm, ST = 14.82 mm, 
rare factor = 4, and bandwidth = 2,000 Hz. All raw data were processed using 
MATLAB (R2022a, MathWorks, Natick, MA). 

Transfection of LNPs In Vivo. Mice were injected with mRNA-loaded LNPs (5 μg 
mRNA per mouse) at the right gastrocnemius muscle or tail base.At 24 h postinjec-
tion, mice were intraperitoneally (i.p.) injected with d-luciferin potassium salt [150 
mg/kg (body weight)], and bioluminescence imaging was performed on an IVIS 
imaging system (PerkinElmer). Regions of interest were quantified as the average 
radiance (photons/s/cm2/sr) using Living Image software. 

19 F NMR Analysis of Mouse Tissue. Mouse tissues, including gastrocnemius 
muscle, iLNs, and tail base, were collected 24 h after treatment with mRNA-loaded 
LNPs, or 48 h after treatment with pDNA-loaded LNPs. The tissues were lysed in 
RIPA buffer and centrifuged at 12,000× g for 5 min. The resulting supernatant 
was collected for 19F NMR analysis. 

RNA Isolation and Real–Time qPCR Analysis. Total RNA was isolated from 
frozen tissues using TRIzol reagent (Thermo Fisher, Waltham, MA, USA) follow-
ing the manufacturer’s instructions. The RNA’s purity and concentration were 
measured with a NanoDrop Ultra Spectrophotometer (NanoDrop Technologies, 
Wilmington, USA). Next, 1 μg of the RNA was reverse transcribed, and RT-qPCR 
was conducted using a SYBR Green mix (YEASEN, China) on a StepOnePlus™ Real- 
Time PCR System (Thermo Fisher Scientific, USA) in a 96-well format. GAPDH was 
used as the reference gene for normalization, and relative EGFP expression levels 
were determined using the 2−^ΔΔCT method. The primer sequences were as 
follows: GAPDH: Forward: 5′-CATCACTGCCACCCAGAAGACTG-3′; Reverse: 5′-
ATGCCAGTGAGCTTCCCGTTCAG-3′. EGFP: Forward: 5′-  AAGCAGAAGAACGGCATCA-3′; 
Reverse: 5′-  GGCGGTCACGAACTCCA-3′. 

Statistical Analysis. In vitro experiments were conducted in triplicates to ensure 
high statistical power. Statistical differences between and among groups were 
assessed using Student’s t test and ANOVA followed by Tukey’s post hoc tests, 
respectively. GraphPad Prism 10 software was utilized for statistical analyses, 
and a significance level of P < 0.05 was set as the threshold for determining 
statistical significance. 

Data, Materials, and Software Availability. Study data are included in the 
article and/or SI Appendix. 
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