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One-pot synthesis of fluorescent capl mRNAs
using labelled trinucleotide m7G-cap analogs for
real-time in vitro and in vivo mRNA tracking
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Visualizing synthetic labelled mRNAs in cells and animals enables the study of mRNA functions/dynamics
and also helps to evaluate the delivery, distribution, intracellular kinetics, and efficacy of mRNA-based
therapeutics/vaccines. Current methods for synthesizing labelled mRNAs, suitable for in vitro and in vivo
tracking, rely on tedious and strenuous post-transcription modification processes. Herein, we report
a direct one-pot co-transcriptional synthesis of labelled capl mRNAs by employing a series of
fluorescently tagged trinucleotide cap analogs. These synthesized and translatable mRNAs with a single
labelled fluorescent tag at the 3’ position of the ribose ring of the m7G cap enabled real-time tracking of
mRNA Robust
transcriptional yield, capping efficiency and transcript integrity were achieved by the standard enzymatic

in biological systems without the need for additional chemical modifications.
co-transcription protocol with these fluorophore-labelled m’GpppNN trinucleotide analogues. These
synthesized labelled mRNAs retained their translational competence and activity, as confirmed by protein
expression assays in mammalian cells. Further, we demonstrated that mRNAs with these labelled caps
allowed direct visualization of mRNA uptake, intracellular trafficking and localization, and biodistribution
using fluorescence microscopy and whole-animal imaging in mouse models. This strategy streamlines

the generation of functional and trackable mRNAs, providing a powerful tool for the study of mRNA

rsc.li/rsc-advances

Introduction

Messenger RNA (mRNA) technology has emerged as a trans-
formative modality in the fields of prophylactic vaccines,
protein and enzyme replacement therapy, gene editing,
immunotherapy and regenerative medicine, as exemplified by
the rapid development of COVID-19 mRNA vaccines." Its unique
ability to transiently produce proteins in vivo without risk of
integration into the genome or requiring nuclear delivery has
paved the way for innovative applications across a wide spec-
trum of diseases, including various cancers, genetic disorders
and infectious diseases.> Currently, lipid nanoparticles (LNPs)
are the most widely used delivery system for mRNA based-
vaccine and therapeutic development.® Given that the half-life
of intracellular mRNAs is short*® and their concentrations
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function and dynamics, for further evaluating mRNA vaccines and therapeutic delivery systems.

range from nanomolar to picomolar levels,® a persistent chal-
lenge remains in the real-time monitoring of mRNA dynamics
in vitro and in vivo in order to screen appropriate delivery
vehicles and to evaluate mRNA localization and endosomal
escape efficiency, which are crucial for optimizing delivery
systems, enhancing therapeutic precision, and understanding
the target organ of delivery and the fate of intracellular mRNAs.

Current methods for the preparation of labelled mRNAs
often require multiple steps through postmodification of the
transcribed mRNAs either by chemical modifications or by
combined enzymatic and chemical modifications, making the
process time-consuming and complex.” mRNA conjugation with
various labels can also be achieved through either random or
site-specific labeling. Since mRNA is a linear polymer, the main
challenge lies in attaching a label to a single specific site
without compromising its translational activity. Chemical
modifications on the mRNA bases are limited as these modifi-
cations must not disturb base-pair interactions and should not
interfere with ribosome-guided decoding of the open-reading
frame. The universal regulatory elements of the 5 cap and
poly (A) tail provide desirable sites for labelling modification.*®
Other reported approaches to visualize mRNA include in situ
hybridization (ISH),'® molecular beacon" or spinach
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aptamers;'> however, these methods have limited applications
due to the design of probes that only recognize a specific tran-
script sequence to incorporate a large sequence into the mRNA.
Recently, various groups have investigated fluorescent labelled
mRNAs for the study of their localization and delivery. Baird has
recently reported the DNA template-based site-specific incor-
poration of a single modified nucleotide at the 3’ terminus of
various RNAs, but it requires several enzymatic and chemical
steps.”® A dual radionuclide-near-infrared probe was developed
allowing for the quantitative, longitudinal and non-invasive
monitoring of mRNA vaccines in monkeys." A photoaffinity
approach was reported using an aptamer ligand functionalized
with a photoactivatable diazirine reactive group, resulting in
covalent attachment to the RNA of interest upon radiation.'
The method of multicovalent modification at the polyA tail for
enhancing the translational activity of mRNAs was also
described."® Site-specific substitution of guanine at the hairpin
with modified 7-deazaguananine derivatives for labelling mRNA
was also reported with guanine transglycosylase combining
chemical attachment of fluorogenic groups.'” In another study,
the cytosine base was fully substituted with a fluorescent
nucleobase analogue, phenoxazine, to yield translatable and
trackable fluorogenic mRNA molecules, but this may alter the
secondary structure of mRNA from the one with the natural
base.” Jemielity et al reported an innovative approach to
synthesize either anthraniloyl (Ant) or N-methylanthraniloyl
(Mant)-labelled cap0 mRNA directly with dinucleotide cap
analogs with moderate capping rates. His group also reported
azido-functionalized cap analogs that allow for post-
transcriptional fluorescence labeling via bioorthogonal click
chemistry, facilitating the study of mRNA dynamics in living
cells.*® A similar approach of N-7 of m7G cap modification with
an azide moiety was also reported.*

In response to the need for facile syntheses of trackable and
translatable capl mRNA, we designed and synthesized trinu-
cleotide cap analogs pre-installed with various fluorescent
groups, including fluorescein amidite (FAM), methyl-
anthraniloyl (Mant), and cyanine dyes through various linkers
(spacers) attached to the 3’-aminomethylgroup of the ribose at
the m7G moiety. This novel approach allows direct one-pot
syntheses of labelled capl mRNAs, eliminating the need for
cumbersome post-transcriptional modifications. By leveraging
the unique properties of m7G-capped trinucleotide analogs,
this method introduces fluorescent labels directly during tran-
scription, without compromising the integrity of the mRNA.
Notably, the labelled mRNA retains its translational function-
ality and can be efficiently encapsulated in lipid nanoparticles,
enabling targeted delivery evaluation.

This method not only simplifies the synthesis of labelled
capl mRNA but also enables the real-time tracking of capl
mRNA in live cells and animal models, avoiding the immuno-
genicity issues often associated with cap0 mRNA;*' thus, this
approach provides a robust platform for evaluating and opti-
mizing mRNA delivery systems. In summary, this method offers
a powerful tool for the facile syntheses of labelled mRNA for
studying mRNA behavior and facilitates the development of
more effective mRNA-based therapeutics and vaccines.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods
Chemical information

The details about all the chemicals and solvents are provided in
the SI.

Cell lines

HEK293T cells and Huh-7 cells (BeNa Culture Collection,
China) were maintained in DMEM supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin. Jurkat T
cells (iCell Bioscience, China) were propagated in an RPMI 1640
medium containing 10% heat-inactivated FBS with identical
antibiotic concentrations (100 U mL ™" penicillin and 100 pg
mL ™! streptomycin). All cell lines were incubated at 37 °C under
a 5% CO, humidified atmosphere.

In vitro transcription of mRNA

A 20 pL reaction volume of in vitro transcription (IVT) includes:
1 pg linearized DNA template, 5 mM of ATP, CTP, GTP and N1-
Me-pUTP (Henovcom, China), 4 mM of CleanCap®AG (3'-OMe)/
LZCap®AG (3'-Acm)/Cy3/Cy5/Cy7/FAM/Mant-labelled LZCa-
P®AG (the wavelengths of each cap are listed in Table 1), 2 uL of
T7 RNA polymerase mix (NEB, USA), T7 reaction buffer (NEB,
USA) and RNase-free water (Shaghai Titan Scientific, China).
The mixture was incubated for 2-3 h at 37 °C. After transcrip-
tion, 0.5 pL of DNase I (Yeasen, China) was added, followed by
incubation at 37 °C for 15 min to remove DNA template. Crude
mRNA products were then purified by adding 30 uL of 7.5 M
LiCl and 30 puL of RNase-free water and incubated at —20 °C for
at least half an hour. The mRNA precipitate was centrifuged at
12 000 rpm for 8 min and washed three times with icy 75% ethyl
alcohol. The precipitate was dissolved in RNase-free water. The
concentrations of labelled mRNA products were detected using
a Micro spectrophotometer (AllSheng, China), and the fluores-
cence of CY3/Cy5/Cy7/FAM/Mant was analyzed using a TECAN
(INFINITE E PLEX, Switzerland) reader in the fluorescence
mode. The mRNA transcripts synthesized by in vitro transcrip-
tion for the subsequent experiments include luciferase mRNA,
eGFP mRNA, and HBs183 mRNA. The transcript lengths and
template details are shown in SI S11.

mRNA capping rate analysis

First, 100 pmol of capped mRNA was annealed with 10 uM bi-
otinylated probes (5’-dCdGdCdTAGCCCAGCUUGGGUCUCCU-

Table 1 The wavelengths of each cap

Exciting light Emitted light

Cap analog (nm) (nm)
LZCap®AG (3'-Ma-Cy3) 535 570
LZCap®AG (3'-Ma-Cy5) 640 675
LZCap®AG (3'-Ma-Cy7) 651 780
LZCap®AG (3'-Ma-Peg5-FAM) 480 520
LZCap®AG (3'-Ma-C6-MANT) 356 448
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biotin-3') in a 5 x hybrid RNA degeneration buffer in a 100 puL
reaction volume. Following annealing, 3 pL of RNase H (180 U)
was added, and the mixture was incubated at 37 °C for 3 h.
Streptavidin magnetic beads (80 pL, NEB) were washed three
times with a TES buffer and then incubated with the reaction
product (100 pL) at room temperature for 1 h under shaking.
RNA fragments containing the 5’ cap were captured by the
probes and magnetic beads, and then separated from the
uncaptured material using a magnetic rack. For elution, 80 pL
of preheated elution buffer was added, and the sample was
incubated at 80 °C for 3 min. The eluted samples were stored at
—20 °C or —80 °C until LC-MS analysis (Thermo Fisher, USA).
Chromatographic separation was performed on a DNAPac RP
column (4 um, 2 x 50 mm; Waters, USA) maintained at 60 °C.
Mobile phase A consisted of 2% hexafluoroisopropanol (HFIP)
and 0.1% diisopropylethylamine (DIPEA) in water, while mobile
phase B was composed of 0.075% HFIP and 0.0375% DIPEA in
methanol. Gradient elution was carried out at a flow rate of 0.3
mL min~" over a total run time of 20 min. UV detection was set
at 260 nm. Mass spectrometry was conducted using an
electrospray ionization (ESI) source in the negative ion mode.
The following parameters were applied: sheath gas flow rate, 40;
auxiliary gas flow rate, 10; spray voltage, 3.3 kV; capillary
temperature, 320 °C; lens voltage, 60; and auxiliary gas
temperature, 350 °C. Data were acquired over a scan range of
600-3000 m/z at a resolution of 17 500.

Preparation of conjugated lipid nanoparticles (LNPs)

Lipid nanoparticles (LNPs) were employed to encapsulate the
mRNA using a microfluidic chip (FluidicLab, China) and
a pump (DK Infusetek, China). The lipid components, SM102,
Cholesterol, DSPC, DMG-PEG2K and DSPE-PEG2K-MAL (all
obtained from Sinopeg, China), were dissolved in ethanol at
a molar ratio of 48.5:38.7:11.1:1.5:0.2, while the Cy5/Cy7-
labelled mRNA was prepared in a filtered acetate buffer
(25 mM, pH 4.0). The two phases were combined at an aqueous-
to-organic ratio of 3:1 (v/v). Following encapsulation, the LNP-
mRNA mixture was promptly placed into a sealed dialysis
cassette to remove residual citrate salt and ethanol. The
formulation was then concentrated using a 30 kDa ultrafiltra-
tion unit (Millipore, USA) and kept at 4 °C. The particle size and
polydispersity index (PDI) were measured via dynamic light
scattering (Malvern PANalytical Zetasizer Lab, USA), and both
the encapsulation efficiency and the mRNA concentration were
determined using a Quant-iT RiboGreen RNA Assay Kit (Invi-
trogen, USA).

For antibody conjugation, anti-CD3 antibodies (Bioxcell,
USA) or anti-CD7 antibodies (Biointron, China) were first thio-
lated using Traut's reagent (Thermo Scientific, USA) following
the standard protocols. Briefly, antibodies were incubated with
a 100-fold molar excess of Traut's reagent at 37 °C for 2 hours,
followed by desalting using Zeba spin desalting columns (Sigma
Aldrich, Germany), and the thiol-modified antibody solution
was collected. Separately, mRNA-LNPs were incubated with
modified antibodies at a molar ratio of 1:1 (maleimide : thiol)
at 4 °C for 2 hours. The reaction mixture was purified using
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a HiTrap column (Cytiva, USA), followed by the collection of the
purified sample. The characterization of all LNP samples is
shown in SI S12.

Fluorescence-labelled luciferase mRNA transfection

HEK293T cells were inoculated into a 96-well plate at a density
of 12 500 cells per mL with 125 pL. DMEM per well for 18-36 h in
a CO, incubator. The transfection reagents of jetMESSENGER®
(Polyplus, France) were mixed according to a system of 10.5 uL
jetMESSENGER buffer, 1 pL jetMESSENGER and 0.5 pg
fluorescence-labelled luciferase mRNAs and then incubated at
RT for 15 min before addition into each well and kept in a CO,
incubator for 24 h. After transfection, half or equal volume of
Steady-Glo® Luciferase Assay System (Promega, USA) was added
per well, incubated at RT for 5 min before transferring 100-200
puL to a black culture vessel and analyzed using a TECAN
(INFINITE E PLEX, Switzerland) reader with luminescence
mode.

Flow cytometry analysis

HEK293 T cells and Jurkat T cells were transferred to white non-
binding 96-well plates. HEK293T cells were transfected with
LZCap®AG (3’-Acm) capped/Cy5-labelled luciferase mRNA by
jetMESSENGER® (Polyplus, France) for 4 h before the flow
cytometry analysis of Cy5 signals. Jurkat T cells were transfected
with Cy5-labelled HBs183TCR (ZL 2023 1 1265442.4) mRNA
encapsulated in anti-CD3/CD7-conjugated LNP. After incuba-
tion at 37 °C for 24 h, the cells were centrifuged at 500 xg for 5
minutes at 4 °C and washed twice with cold PBS supplemented
with 2% FBS (FACS buffer). Cy5 signals of 293T cells and Jurkat
T cells were analyzed in an APC channel. Jurkat T cells were
incubated with FITC-conjugated anti-human TCR B chain
antibodies (BioLegend, USA) for 30 minutes at 4 °C in the dark.
After staining, the cells were washed twice with a FACS buffer
and resuspended in 300-500 puL FACS buffer for acquisition. Cy5
fluorescence was excited with a 640 nm laser and detected using
a 675/25 nm bandpass filter (APC channel). Data were collected
using a BD Accuri C6 Plus flow cytometer (BD Biosciences, USA),
and analysis were performed using the FlowJo v10 software.

Confocal imaging

Before transfection with Cy5-labelled mRNAs-LNP, 10 000 Huh7
cells were cultured in a 35 mm confocal-specialized disk for 18-
24 h. Then, 1 pg of Cy5-luciferase-LNP or Cy5-eGFP-LNP was
added into Huh7 cells and incubated for 30 min, 1 h, 3 h, 6 h
and 24 h, respectively, under 5% CO, at 37 °C. After washing
three times with PBS, the cells were fixed with 4% para-
formaldehyde at room temperature for 15 minutes, followed by
DAPI staining for 2-3 minutes. Again, the cells were washed
three times with PBS before imaging. For colocalization
confocal observation with a lysosome marker, 100 uM of lyso-
some marker, Green DND-26 (MCE, USA), was added into Huh7
cell media before incubation for 1 h under 5% CO, at 37 °C and
fixed with 4% paraformaldehyde. All confocal imaging studies
were performed using an automated spinning disc confocal
microscope (Zeiss 2012, Germany). The Z-stack of three image

© 2026 The Author(s). Published by the Royal Society of Chemistry
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planes, namely, red, green and blue was recorded with one
confocal plane.

In vivo imaging

BALB/c mice were dosed with 1 mg kg™ or 0.5 mg kg~ " of Cy7/
Cy5-Luciferase-LNP through tail vein injection, while the
control mice were not dosed. Cy7/Cy5 fluorescence was
measured for the whole body and organs at 30 min, 3 h, 6 h and
24 h using an IVIS Lumina system (PerkinElmer, USA). For each
time point, the liver, spleen, heart, lung, kidney, bladder,
uterus, intestines and stomach were isolated for Cy7/Cy5
measurement for ex vivo imaging. The wavelengths used for
the detection of Cy7 and Cy5 are Ey/Ey,, = 745 nm/800 nm and E,/
En = 640 nm/680 nm, respectively. The expression of luciferase
was tested in the luminescence mode 15 min after P. O. injec-
tion of p-luciferin sodium (Bidepharm, China) at 3 hours post-
injection of Cy7/Cy5-Luciferase-LNP. The quantitative results
of fluorescence intensity were obtained from the images using
the Living Image®4.4 software by calculating the average radi-
ance (photon per s* per cm? per st') in the region of interest and
analyzed using GraphPad Prism 8.0.1. All animal studies were
conducted under the animal care and use regulations of the
Guangzhou Institute of Biomedicine and Health, Chinese
Academy of Sciences, with approval from the Institutional
Animal Care and Use Committee (IACUC; approval no.
2024096).
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Results
Synthesis of site-specifically labelled trinucleotide cap analogs

The syntheses of various labelled trinucleotide cap analogs were
started with a trinucleotide cap analog 1, which bears an azido-
methyl moiety at the 3’ ribose position of the m7G cap replacing
the canonical OH group.?* The hydrogenation of analog 1 with
Pd/C in EtOH/H,0 gave the aminomethyl compound 2 in 93%
isolated yield. Subsequent conjugation of compound 2 with
various tagging molecules was conducted through different
amide formation reactions to afford the labelled trinucleotide
cap analogs with TSTU and Et;N in DMF/H,0 for 8 (Cy3), 9 (Cy5),
and 10 (Cy7) in 21-30% isolated yields, while HATU, Et;N, and
DMSO were utilized for 11 (PEG5-FAM) in 9% isolated yield, and
EDCI, NHS, and DMF/H,0 were used for 12 (C6-MANT) in 31%
isolated yield, as illustrated in Scheme 1.

One-pot co-transcriptional synthesis of fluorescence-labelled
mRNAs

The labelled capl mRNA was synthesized using a standard one-
pot in vitro transcription procedure. The m7G-capped trinucle-
otide cap analogs 8, 9, 10, 11, and 12 were co-transcribed with
T7 polymerase, NTPs and DNA template encoding firefly lucif-
erase protein in vitro. The average yields and capping efficien-
cies of capped luciferase mRNAs are summarized in Table 2,
showing that both parameters were generally maintained at
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Scheme 1 Schematic of the synthesis of the labelled trinucleotide Capl analog. TSTU: N,N,N',N’'-tetramethyl-O-(N-succinimidyl)uronium
tetrafluoroborate; EtzN: triethylamine; HATU, O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate; EDCI: 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride; and NHS: N-hydroxysuccinimide.
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Table 2 IVT yields and capping efficiency of the labelled mRNAs
LZCap®AG (3'-Ma-fluorescence)
CleanCap®AG LZCap®AG
Cap 1 analogs (3'-OMe) (3’-Acm) Cy3 Cy5 Cy7 Peg5-FAM C6-MANT
mRNA yields (mg mL™") 5.0 5.0 4.3 5.3 7.1 5.9 5.3
mRNA capping efficiency 92% 98% 79% 82% Not detected 100% 90%

levels comparable to those obtained with the widely used
reference cap structure CleanCap. Fluorescence spectroscopy
was employed to measure the fluorescence of labelled luciferase
mRNAs (Fig. 1A), and the fluorescence intensity increased with
the increasing concentrations of capped mRNA. The integrity of
capped mRNAs was analyzed by agarose gel electrophoresis
(Fig. 1B), and all mRNAs showed high integrity and accuracy.
This streamlined approach is efficient and reproducible by
eliminating the need for post-transcriptional labeling.

Fluorescent cap analogs enable the real-time tracking of
mRNA delivery and translation

To evaluate the translational function of mRNAs labelled with
fluorescent cap analogs, HEK-293T cells were transfected with
firefly luciferase-encoding mRNAs containing these modified
caps. Although the fluorescence intensity of the labelled analogs
was modestly reduced compared to the unlabelled LZCap®AG
(3’-Acm) control, it remained robust, indicating that the labelling
moieties did not compromise translational capacity (Fig. 2A). To
investigate the intracellular delivery kinetics of LNPs, Cy5-
labelled mRNA was introduced to enable the real-time moni-
toring of cellular transfection. This approach allowed the
systematic quantification of delivery efficiency for LNPs and
other carriers via flow cytometry. Strikingly, over 95% of HEK-
293T cells exhibited efficient internalization of Cy5-capped
mRNA within 4 hours post-transfection, validating this strategy
for the dynamic tracking of mRNA delivery (Fig. 2B).

We further engineered antibody-conjugated LNPs (anti-
human CD3/CD7) for targeted mRNA delivery. A Cy5-labelled
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TCR mRNA was synthesized by IVT using LZCap®AG (3'-Ma-
Cy5). Flow cytometry demonstrated that antibody-LNP
complexes markedly enhanced both the uptake of Cy5-
labelled mRNA and TCR expression in Jurkat T cells. Criti-
cally, the overlap of Cy5 fluorescence and TCR expression within
the same cell population indicated that Cy5 fluorescence serves
as a quantitative proxy for assessing the impact of antibody
conjugation on LNP delivery performance (Fig. 2C). Collectively,
these findings underscore the utility of fluorescent cap analogs
as a dual-functional tool for the real-time monitoring and
optimization of precision mRNA delivery platforms.

Translation and intracellular localization of Cy5 cap analog-
labelled mRNAs

Cy5-labelled mRNA encoding luciferase or eGFP serves as
a versatile dual-purpose tool for simultaneously probing the
translational activity and intracellular trafficking dynamics.
Upon LNP-mediated delivery into Huh7 cells, confocal micros-
copy revealed imminent cytoplasmic accumulation of Cy5-
labelled mRNA as early as 30 minutes post-delivery. Time-
course analysis further demonstrated progressive co-
localization of the fluorescent mRNA within the lysosomal
compartments (Fig. 3A). Importantly, the parallel detection of
eGFP-derived green fluorescence by confocal imaging
confirmed that Cy5 capping retains the translational compe-
tence of the mRNA, with no observable interference from the
fluorophore (Fig. 3B). These findings collectively establish Cy5-
labelled mRNA as a reliable platform for the quantitative in vitro
evaluation of LNP-based mRNA delivery systems.

2000 bases

Fig. 1 Characterization of the synthesized capped luciferase mRNAs. (A) Relative fluorescence unit of the synthesized fluorescent mRNAs
detected by fluorescence spectroscopy, presented as mean + SD (n = 3). (B) Agarose gel electrophoresis of the capped luciferase mRNAs, with
the caps of the samples, from left to right being: CleanCap®AG (3'-OMe), LZCap®AG (3'-Acm), LZCap®AG (3'-Ma-Cy3), LZCap®AG (3'-Ma-
Cy5), LZCap®AG (3'-Ma-Cy7), LZCap®AG (3'-Ma-Peg5-FAM), and LZCap®AG (3'-Ma-C6-MANT).
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Fig. 2 Labelled mRNA translation efficiency and Cy5-labelled mRNAs for flow assay to assess the lipid delivery efficiency. (A) Relative fluo-
rescence units (RFUs) of LZCap®AG analogs modified with different fluorophores, including C6-Mant, PEG5-FAM, Cy3, Cy5, and Cy7, measured
and compared with LZCap®AG (3'-Acm). Data are presented as mean + SD (n = 3). Statistical analysis was performed using an unpaired Student's
t-test versus LZCap®AG (3'-Acm). *P < 0.05 and ***P < 0.001. (B) Flow cytometry analysis showing the expression of Cy5 (APC) after the LNPs
delivered fluorescence-free luciferase mMRNA or Cy5-labelled luciferase mRNAs into HEK-293T cells within 4 hours post-transfection. (C) Flow
cytometry analysis of Cy5 (APC) and TCR (FITC) fluorescence in Jurkat T cells following the delivery of Cy5-labelled TCR mRNAs via anti-hCD3/
hCD7 antibody-conjugated LNPs.

(A)

DAPI

Lysosome Cy5

(30mm)

(B)

DAPI eGFP Cy5

Fig. 3 Cellular localization of Cy5-labelled mRNAs. (A) Cellular localization of the Cy5-labelled luciferase mRNAs and lysosomes in Huh7 cells.
(B) Cy5-labelled eGFP mRNA translation and cellular localization in Huh7 cells. Blue: nucleus; green: lysosome/eGFP; and red: Cy5-labelled

MRNAs.

In vivo tracing of Cy7 and Cy5 cap analog-labelled luciferase

mRNASs

To explore the biodistribution and real-time tracking potential
of labelled mRNAs in vivo, Cy7 and Cy5-Luciferase-LNPs were

© 2026 The Author(s). Published by the Royal Society of Chemistry

administered to mice via intravenous injection, with contin-
uous monitoring of live animals and their isolated organs using
fluorescence imaging. The in vivo tracing of Cy7 fluorescence
showed that LNP-delivered mRNA was distributed widely in the
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Fig. 4 Biodistribution and expression of the Cy7/Cy5-labelled mRNAs in the living body. (A) 0.5 h, 3 h, 6 h and 24 h after administration of Cy7-
luciferase-LNPs, the fluorescence distribution of Cy7 throughout the body photographed using the IVIS system. (B) Translation level of Cy7-

luciferase-LNPs measured by luminescence intensities compared with

the control mice through the IVIS system 3 h post-injection. (C) Cy7-

labelled mRNAs in ex vivo organs imaged at 0.5 h, 3 h, 6 h and 24 h, respectively, through the IVIS system after administration with LNPs. (D) 3 h
after the administration of Cy5-luciferase-LNP, the fluorescence distribution of Cy5 throughout the body photographed using the IVIS system.
(E) Cy5-labelled mRNAs in ex vivo organs imaged at 0.5 h, 3 h, 6 h and 24 h, respectively, after administration with LNPs. (F) Translation level of
Cy5-luciferase-LNPs measured by luminescence intensities compared with the control mice through the IVIS system 3 h post-injection. For the
IV administration of Cy7/Cy5-labelled mRNAs in mice, two mice were used at each time-point, with one mouse serving as the control. Data are
plotted as individual measurements and horizontal lines indicate the mean.

liver, stomach and intestines initially but mostly accumulated
in the liver after 24 hours (Fig. 4A). Notably, luciferase expres-
sion was detected in the liver as early as 3 hours post-injection,
confirming the translational function of Cy7-labelled mRNA
(Fig. 4B). Autopsy at different time points further confirmed the

25554 | RSC Adv, 2026, 16, 25548-25556

distribution profile of the formulation with a pronounced shift
toward hepatic and splenic accumulation 24 hours post-
injection (Fig. 4C). Consistently, Cy5-luciferase-LNPs exhibited
a comparable biodistribution pattern, predominantly localizing
to the liver and spleen at early time points (Fig. 4D and E), with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hepatic luciferase activity emerging synchronously at 3 hours
(Fig. 4F). These data showed visible fluorescence signals in the
Cy7- and Cy5-luciferase mRNA-LNP-treated groups relative to
the control group, supporting the feasibility of qualitative
tracking under the present experimental conditions. Collec-
tively, the results indicate that Cy7- and Cy5-labelled mRNAs
serve as highly sensitive tracers for the spatiotemporal mapping
of organ-specific mRNA delivery and expression.

Discussion

The 5’ cap of mRNA has been shown to be a viable modification
site for mRNA labeling, because it enables site-specific modifi-
cation while minimizing the perturbation of the coding region
and overall transcript architecture. While existing strategies for
synthesizing modified cap analogs are well-established,*
many of these approaches still depend on post-transcriptional
modification or additional bioorthogonal reactions, thereby
increasing experimental complexity and limiting their practi-
cality for the routine generation of trackable mRNAs. In this
study, we developed fluorescently labelled LZCap®AG through
amide linkage chemistry and integrated it into mRNA via
a streamlined “one-pot” IVT protocol. This method produced
intact mRNA transcripts with good IVT yields and clear detect-
able fluorescence signals, making it a simple and practical
approach for preparing labeled mRNAs.

An important finding of this study is that fluorescence
modification at the cap was compatible with the biological
activity of the mRNA. Although the capping efficiency of
labelled LZCap®AG caps was marginally reduced relative to the
reference cap, these labelled mRNAs retain activities in trans-
fection and translation, as demonstrated by luciferase expres-
sion in HEK-293T cells (Fig. 2A). Notably, the Cy5-labeled mRNA
showed a clear fluorescence signal while still retaining trans-
lational activity, which makes it useful for tracking delivery and
evaluating function at the same time. This could be an advan-
tage compared with the methods based on dense internal
nucleotide labeling, because those methods are more likely to
affect the RNA structure, transcription, or translation.

The cellular experiments further showed that Cy5-labeled
mRNA could be used to evaluate lipid screening and the
formulation of mRNA delivery efficiency. Flow cytometry results
showed the efficient uptake of Cy5-labeled luciferase mRNA in
HEK-293T cells (Fig. 2B). In Jurkat T cells, the Cy5 signal was
also detected together with TCR expression after the delivery of
Cy5-labeled TCR mRNA by anti-CD3/CD37-conjugated LNPs
(Fig. 2C). These results suggest that the fluorescence from the
cap label can be used as an indicator of mRNA delivery, while
protein expression can be used to evaluate its function at the
same time. Consistently, confocal imaging showed rapid
intracellular accumulation of Cy5-labeled mRNA and its
progressive colocalization with lysosomes. Meanwhile, eGFP
expression confirmed that the labeled mRNA still retained
translational activity after delivery. Previous studies investi-
gated the dissociation between LNP uptake mechanisms and
endosomal escape efficiency, using eGFP/Cy5 signal ratios to
quantify the escape efficiency.”® Here, we extended this

© 2026 The Author(s). Published by the Royal Society of Chemistry
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paradigm by correlating Cy5-labelled LZCap®AG localization
with real-time eGFP expression, validating its dual utility for
spatial tracking and functional delivery assessment.

The in vivo biodistribution studies further showed the
potential of this approach. Both Cy5- and Cy7-labeled mRNAs
could be used to visualize biodistribution after LNP adminis-
tration, with the main signals found in the liver and spleen, and
luciferase expression in the liver was also detected 3 h after
injection. It should be noted that high-intensity fluorescence
signals are essential to overcome tissue autofluorescence.
LZCap®AG labelled with Cy5 was disturbed by autofluorescence
of alfalfa in mice feed, which also has a A, value approaching
652 nm. For the usage of Cy5 label, we fed mice with alfalfa-free
foods one week before IVIS observation and obtained clear Cy5
signals both in the body and in the organs of animals. Cy7-
labelled LZCap®AG, which has a longer conjugated chain and
a more red-shifted optical window (Amax/Aem = 755/788 nm),
showed a clear advantage for whole-body imaging by reducing
the background noise from animal feed. To improve mRNA
delivery and organ targeting efficiency, the selective organ tar-
geting (SORT) LNP platform delivers mRNA into other target
organs,” like the spleen®®* or lung.*® Here, ex vivo organ
observation showed that the fluorescence of Cy5- andCy7-
labelled LZCap®AG can be detected in different organs,
including the liver, spleen, lung, heart, kidney, stomach,
intestines, bladder and ovary, indicating that Cy5 and Cy7 are
also suitable for biodistribution tracing in organs.

Based on the above-mentioned results, fluorescent cap
labeling shows clear advantages for both real-time in vitro and
in vivo mRNA tracking studies. Previous studies have reported
that fluorescent oligomer tags applied for labeling endogenous
RNA, such as ISH** and the MS2 system,** are useful for RNA
detection or tracking, but they are often limited by live-cell
imaging applicability, complicated probe design or delivery,
or high background noise. In contrast, fluorescent cap analogs
circumvent these issues by preserving mRNA integrity while
enabling real-time tracking.

This study also has limitations. For the Cy7-labeled analog,
the capping efficiency could not be accurately measured by LC-
MS under the current analytical conditions. In addition,
although fluorescence localization together with protein
expression can provide useful information on mRNA delivery,
this approach still cannot directly measure the endosomal
escape efficiency. Future work should combine this labeling
strategy with more quantitative trafficking analysis to further
assess its value in delivery optimization.

In summary, we reported a series of labelled LZCap®AG
trinucleotide analogs for the one-pot synthesis of labelled and
functional capl mRNA with high yield, capping rate and mRNA
integrity. In particular, with the high IVT yield, rapid trans-
fection kinetics, and uncompromised translational activity, the
Cy5- and Cy7-labelled mRNAs obtained from the corresponding
Cy5- and Cy7-labelled LZCap®AG trinucleotide cap analogs can
serve as useful and valuable tools for in vitro and in vivo mRNA
tracking and the evaluation and optimization of LNP-targeted
delivery.
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