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Lipid nanoparticles (LNPs) are key non-viral carriers for mRNA vaccines and
therapeutics, but the inherent instability of mRNA necessitates sub-zero sto-
rage with cryoprotectants (CPAs) to prevent freeze-induced LNP aggregation
and compromised mRNA delivery. Here we show that ice formation during
freezing concentrates CPAs with LNPs in the remaining liquid—a phenomenon
known as freeze concentration. This creates a steep concentration gradient of
CPAs across the lipid membrane that drives passive CPAs diffusion into LNPs.
By leveraging this process, we developed betaine-based CPAs that both pre-
serve the stability of LNP and enter LNP during freeze-thaw. The incorporated
betaine enhances endosomal escape and boosts mRNA delivery of LNP. In
female mice, betaine-loaded LNPs elicit stronger humoral and cellular immune
responses, providing dose-sparing advantages. These findings highlight freeze

concentration as a promising LNP formulation strategy and underscore the
role of CPA as active modulators of LNP structure and function.

Lipid nanoparticles (LNPs) have gained significant attention as non-
viral vectors for messenger RNA (mRNA) delivery, particularly follow-
ing the approval of the COVID-19 vaccines'>. mRNA-LNPs are being
extensively explored for applications in vaccines, protein replacement
therapy, cancer immunotherapy, and CRISPR/Cas9 gene editing*”’.
However, a key challenge in the clinical use of mRNA-LNPs is ensuring
their long-term stability and mRNA delivery efficacy®'°. mRNA is highly
susceptible to degradation via hydrolysis, oxidation, and enzymatic
activity, necessitating storage at sub-zero temperatures to maintain
stability''>. However, freezing and thawing cycles introduce additional
challenges to LNP formulations. Ice crystal formation and osmotic
stress during freeze-thaw (F-T) processes can lead to fusion, aggrega-
tion, and leakage of encapsulated mRNA, significantly compromising
the stability and mRNA delivery efficacy of LNPs™*', Current strategies
to mitigate the damaging effects of freezing typically focus on stabi-
lizing LNPs with cryoprotectants (CPAs), such as sucrose, which is used
in the storage of commercially approved mRNA vaccines like mRNA-
1273 and BNT162b2""¢, These cryoprotectants help preserve the

integrity of LNPs during cryopreservation, enabling their storage at
-20°C or -70 °C for extended periods”.

An underexplored yet promising approach involves leveraging
the freeze-thaw process itself to preserve stability and even enhance
the delivery efficacy of LNPs'®', During freezing, water undergoes a
phase transition, forming ice and concentrating solutes in the
remaining liquid phase, a phenomenon known as freeze
concentration***, This process significantly alters the physicochemical
environment around LNPs by increasing local solute concentrations
and creating steep concentration gradients across the LNP
membrane*?, These gradients can drive the passive incorporation of
small molecules—such as cryoprotectants—into LNPs through diffu-
sion or transient membrane disruptions induced by the phase transi-
tion of lipids*. Freezing-induced content exchange between
liposomes and surrounding solutions has been widely observed, and
multiple F-T cycles have been used to fabricate drug-loaded liposomes
with high loading efficiency””. These observations suggest that
interactions between CPA and LNPs during F-T cycles may be more
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complex and dynamic than previously understood. This interplay
offers an opportunity to not only mitigate freeze-induced damage but
also to reformulate LNPs in ways that actively improve their delivery
efficacy.

Herein, we show that freezing could be leveraged to enhance the
mRNA delivery efficacy of LNP by incorporating functional molecules
during the F-T process (Fig. 1a). Specifically, we focused on betaine, a

LNP and betaine

zwitterionic cryoprotectant known for its ability to protect cellular
structures during cryopreservation and its potential to enhance
endosomal escape by protonating in the acidic environment of
endosomes” ?., By incorporating betaine into LNPs during the F-T
cycle, we aim to synergistically exploit its cryoprotective properties
and its potential to improve endosomal escape, ultimately enhancing
the structural integrity of LNPs and their mRNA delivery efficiency.
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Fig. 1| BT-CPA improves mRNA delivery of LNP after freeze-thaw (F-T).

a Schematic illustration showing the proposed mechanism of freezing-induced
incorporation of betaine into LNPs. b The hydrodynamic diameters and poly-
dispersity index (PDI) of LNPs (n =3 technical replicates). Data are shown as
mean * standard deviation (SD). ¢ A representative Cryogenic transmission elec-
tron microscopy (Cryo-TEM) image of LNP. The scale bar is 100 nm. The TEM
imaging experiment was repeated independently three times. d The mRNA
encapsulation of LNPs (n=3 technical replicates). Data are shown as mean + SD.
e The mLuc expression in DC2.4 cells after treatment with free mRNA, LNP, or
freeze-thawed LNPs with different cryoprotectants (CPAs) (n =4 technical repli-
cates). Data are shown as mean + SD. Statistical significance was analyzed by one-
way analysis of variance (ANOVA) and Tukey’s multiple comparisons test. f A
representative Cryo-TEM image of LNP+BT-CPA F-T. The scale bar is 100 nm. The

TEM imaging experiment was repeated independently three times. g The mLuc
expression in DC2.4 cells after treatment with free mRNA, LNP, or freeze-thawed
LNP+BT-CPA with varying concentrations of betaine (n =4 technical replicates).
Data are shown as mean + SD. h Representative IVIS images and i quantitative
analysis of C57BL/6 mice following intramuscular injection of LNP or LNP+BT-CPA
F-T at 4 and 24 h post-administration (n = 6 biologically independent samples). Data
are shown as mean + SD. Statistical significance was analyzed by unpaired two-
tailed Student’s ¢-test. j Normalized mLuc expression in DC2.4 cells after treatment
with LNPs formulated with ALC-0315, cKK-E12, and MC3 as ionizable lipids before
and after F-T with BT-CPA (n = 4 technical replicates). Data are shown as mean + SD.
Statistical significance was analyzed by one-way ANOVA and Tukey’s multiple
comparisons test. a was created in BioRender. Lu, X. (2025) https://BioRender.com/
umtq3eS.

Results and discussion

To evaluate the efficacy of betaine as a CPA for LNP, we synthesized the
LNP encapsulating firefly luciferase mRNA using the clinically
approved mRNA-1273 formulation using a microfluidic device. Cryo-
genic transmission electron microscopy (Cryo-TEM) and dynamic light
scattering (DLS) measurements confirmed the spherical morphology
of the LNPs (Fig. 1b, c). Betaine at 25 mg/mL was added to the LNP
solution, and the samples were subjected to two F-T cycles at —80 °C.
LNPs in sucrose (87 mg/mL) or phosphate-buffered saline (PBS) were
used as the positive and negative controls, respectively. As shown in
Fig. 1b, d, e, LNPs in PBS without cryoprotectants exhibited significant
aggregation and mRNA leakage, leading to a nearly complete loss of
mRNA delivery efficiency in DC2.4 cells. In contrast, LNPs with sucrose
maintained their hydrodynamic diameter, polydispersity index (PDI),
mRNA encapsulation, and mRNA delivery efficacy. LNPs with betaine
had a similar hydrodynamic diameter but slightly reduced mRNA
encapsulation, indicating that betaine at 25mg/mL preserves LNP
stability as a cryoprotectant, but is less effective than sucrose at
87 mg/mL. However, despite the lower mRNA encapsulation, LNPs
with betaine showed ~1.7-fold higher mRNA expression compared to
fresh LNPs or LNPs with sucrose.

We then optimized the betaine formulation not only to enhance
LNP stability during F-T cycles but also as a potential strategy to
improve mRNA delivery efficacy. To improve the stability of LNP
during F-T, trehalose, a commonly used cryoprotectant for stabilizing
nanoparticles, was added to betaine in equal mass (both at 25 mg/mL),
resulting in a combined cryoprotectant formulation (BT-CPA). LNPs
+BT-CPA showed minimal changes in size and mRNA encapsulation
after F-T cycles. Cryo-TEM imaging confirmed the intact spherical
morphology of the LNPs (Fig. 1f). The mRNA delivery efficiency of LNPs
+BT-CPA was ~2.4-fold higher than that of fresh LNPs and -~1.4-fold
higher than that of LNPs with betaine alone (LNP+betaine). LNPs with
trehalose alone showed similar mRNA delivery efficiency to that of
fresh LNPs. These findings suggest that trehalose further enhances the
stability of LNP+betaine during F-T, leading to greatly improved mRNA
delivery efficiency. We then optimized the amount of betaine in the BT-
CPA formulation to maximize mRNA delivery efficiency. A series of
betaine concentrations were tested while keeping the trehalose con-
centration constant. As shown in Fig. 1g, increasing betaine from
10 mg/mL to 25 mg/mL improved mRNA delivery. However, further
increases in betaine concentration, up to 75 mg/mL, did not further
improve mRNA delivery. Consequently, we selected the BT-CPA for-
mulation with 25 mg/mL betaine and 25 mg/mL trehalose for further
investigation.

To validate the enhanced mRNA delivery efficacy of LNP+BT-CPA
after F-T, these LNPs were intramuscularly injected into C57BL/6 mice,
with freshly prepared LNP as a control. Figure 1h, i and Supplementary
Fig. 1 show that LNP+BT-CPA after F-T exhibits approximately 2.3-fold
and 1.7-fold higher mLuc expression than fresh LNP at 4 h and 24 h
post-injection, respectively. We also tested the versatility of BT-CPA
across different LNP formulations using ALC-0315, cKK-E12, or DLin-

MC3-DMA (MC3) as ionizable lipids. The hydrodynamic diameters of
LNPs were all below 200 nm with a narrow polydispersity index
(PDI < 0.2, Supplementary Fig. 2). As shown in Fig. 1j, all LNPs with BT-
CPA show significantly enhanced mRNA delivery efficiency following
F-T. Collectively, these results indicate that BT-CPA not only maintains
LNP stability after F-T but also serves as a general strategy to enhance
the mRNA delivery efficacy of LNPs both in vitro and in vivo.

The enhanced mRNA delivery is likely due to betaine altering the
functions of either LNPs or cells. Betaine is a well-known osmopro-
tectant that can be rapidly taken up by cells in large quantities®,
potentially influencing cellular functions and subsequent mRNA
expression. To test this, DC2.4 cells were treated with BT-CPA for 4 h
before incubation with SM102-LNP. As shown in Fig. 2a, the mRNA
expression in cells treated with BT-CPA (BT-CPA prime) or PBS was
nearly identical, indicating that BT-CPA does not affect the cellular
mRNA expression.

We then investigated the mechanism by which BT-CPA alters LNP
functions during F-T cycles. LNP was incubated with BT-CPA for 4 h
before being added to DC2.4 cells. As shown in Fig. 2a, this incubation
did not affect mRNA delivery. However, after F-T, LNPs+BT-CPA
showed significantly enhanced mRNA expression, indicating that the
F-T process is critical for the improved mRNA delivery of LNPs+BT-
CPA. Since betaine requires transport proteins to enter cells and can-
not pass through lipid bilayers of LNP on its own®, it’s very likely that
betaine enters LNP through freeze concentration. Freezing can induce
mechanical stress from ice crystal formation, potentially disrupting the
lipid bilayer and allowing content exchange, while thawing can lead to
fusion and fission of vesicles®>*. This process might allow betaine to
enter LNPs, altering their compositions and enhancing their mRNA
delivery efficiency.

To determine if CPA was incorporated into LNPs during F-T, we
used proton nuclear magnetic resonance (*H-NMR) to characterize the
LNPs. LNP+BT-CPA after F-T was dialyzed against PBS to remove any
BT-CPA outside the LNP, as BT-CPA would remain trapped inside the
LNP due to its inability to cross lipid bilayers at room temperature.
After dialysis, deuterium methanol was added for subsequent NMR
analysis. Free betaine, trehalose, LNP, and LNP+BT-CPA without F-T
were also characterized by 'H-NMR as controls. As shown in Fig. 2b and
Supplementary Fig. 3-8, the dialyzed LNP+BT-CPA without F-T showed
no proton peaks corresponding to betaine (3.28 ppm and 3.83 ppm) or
trehalose (3.34, 3.51, 3.68, 3.75-3.85, and 5.13 ppm). In contrast, LNP
+BT-CPA after F-T exhibits characteristic peaks for both betaine and
trehalose, indicating their incorporation into LNPs after F-T. High-
resolution mass-spectrometry measurements also confirmed the pre-
sence of betaine and trehalose in LNP+BT-CPA after F-T (Supplemen-
tary Fig. 9). The mRNA delivery efficiency of the dialyzed LNP+BT-CPA
after F-T was also significantly higher than that of fresh LNP. These
findings suggest that BT-CPA is incorporated into LNPs during F-T,
leading to their enhanced mRNA delivery efficiency.

To evaluate the impact of freeze-thaw cycles on mRNA delivery
efficacy, we compared 1, 2, and 6 F-T cycles. As shown in Supplementary
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Fig. 2 | Betaine and trehalose are incorporated into LNP after F-T. a The mLuc
expression in DC2.4 cells after incubation with free mRNA, LNP, and LNP+BT-CPA
following different treatments. The group of BT-CPA prime represents pretreating
the cells with BT-CPA for 4 h before incubating with LNP. (n =4 technical repli-

cates). Data are shown as mean + SD. Statistical significance was analyzed by one-

way ANOVA and Tukey’s multiple comparisons test. b Proton nuclear magnetic
resonance ("H-NMR) spectra of betaine, trehalose, and LNPs following different
treatments. The characteristic peaks of trehalose and betaine were highlighted.
Figure 2a was created in BioRender. Lu, X. (2025) https://BioRender.com/h45y717.

Fig. 10, mRNA delivery efficiency of LNP gradually increased after 1 and 2
F-T cycles, with hydrodynamic diameters and encapsulation efficiencies
remaining unchanged. However, performing 6 F-T cycles led to LNP
aggregation and mRNA leakage, which ultimately reduced delivery
efficacy. These results suggest that while betaine progressively enters
the LNPs with each cycle, excessive F-T cycles may allow too much
betaine to penetrate, causing structural damage to the LNPs. Therefore,
we selected two freeze-thaw cycles for maintaining LNP integrity and
maximizing mRNA delivery.

Many studies have demonstrated that small molecules can cross
the phospholipid membrane of liposomes during the F-T process,
leading to content exchange between liposomes and surrounding
solutions®™*. This phenomenon has significant implications for
regulatory-approved liposome and LNP formulations, which often use
CPAs and undergo F-T cycles as part of their production or storage
processes. Our findings indicate that CPAs can alter the composition
and potentially the functionality of these liposomes or LNPs. Indeed,
'H-NMR analysis of the commercial mRNA-1273 formulation revealed

that sucrose was incorporated into LNPs after F-T cycles (Fig. 2b).
While the internalized sucrose did not affect the overall mRNA delivery
efficacy of the approved LNP, this outcome might be fortuitous and
specific to the benign properties of sugars like sucrose. However, this
raises a critical issue: CPAs are not merely inert stabilizers—they can
become integral components of the liposome or LNP, potentially
altering their nanostructure, physicochemical properties, and biolo-
gical function.

We then studied whether freezing is necessary to incorporate BT-
CPA into LNPs. We added BT-CPA directly into the aqueous phase of
mRNA during the synthesis of LNPs (Fig. 3a). If freezing were not
necessary for incorporating BT-CPA, we would expect similar results
regardless of the F-T process. After synthesis and dialysis, LNPs with
BT-CPA were successfully formed with diameters of less than 200 nm
and a PDI of less than 0.2 (Supplementary Fig. 11). However, the
'H-NMR analysis revealed minimal characteristic peaks of betaine
(Fig. 3b, Supplementary Fig. 12), indicating that a negligible amount of
BT-CPA was encapsulated in the LNPs. In vitro transfection results
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further demonstrated that the incorporation of BT-CPA during
synthesis did not improve the mRNA delivery efficacy of LNPs (Fig. 3c).
These findings suggest that BT-CPA has poor encapsulation efficiency
when incorporated during synthesis, likely due to insufficient inter-
actions between BT-CPA and the LNP components during formulation.
We have also explored whether BT-CPA could enter LNP using ultra-
sound, which could induce membrane disruption and fusion. GelRed
was added to the solution to monitor the internalization of small
molecules during sonication. As shown in Supplementary Fig. 13,
sonication facilitated GelRed internalization into LNPs, suggesting that
ultrasound induced membrane disruption or potentially led to LNP
reassembly. However, ultrasound-treated LNPs exhibited markedly
reduced mRNA delivery efficacy. These findings indicate that although
ultrasound can promote the incorporation of BT-CPA, it concurrently
compromises LNP structural integrity and mRNA delivery perfor-
mance. Collectively, these results indicate the critical role of freezing in
facilitating the incorporation of BT-CPA into LNPs, likely through the
content exchange mechanism observed during the freezing process.

The content exchange between liposomes and surrounding
solutions has been shown to occur during the phase transition of lipids
and the freezing of water. Current mRNA vaccines, such as mRNA-1273
and BNT162b2, are stored at various sub-zero temperatures, including
—-20 °C and -70 °C. Recent data also show that LNP maintained stability
in temperatures between -25°C and -15°C for up to two weeks”.
While these storage conditions have been effective in maintaining
vaccine stability, the exact timing of content exchange during F-T
remains unclear. To investigate this, the phase transition temperature
of LNP was measured using differential scanning calorimetry (DSC). As
shown in Fig. 3d and Supplementary Fig. 14, LNP exhibited an addi-
tional exothermic peak at approximately 20 °C compared to PBS,
indicating the phase transition temperature of LNP. At this tempera-
ture, the presence of frozen water severely restricts the transmem-
brane movement of solutes, suggesting that the incorporation of BT-
CPA into the LNPs is not solely a result of cooling below the lipid phase
transition temperature. Previous studies have indicated that freezing
can also induce a fluid-to-gel phase transition, driven by the dehydra-
tion of water bound to the hydrophilic groups of phospholipids®-*°.
Therefore, the content exchange between LNP and the surrounding
solution very likely occurs during the freezing of water, which induces
membrane defects and phase transition of lipids.

To test this hypothesis, LNP+BT-CPA was subjected to F-T cycles
ranging from —15 °C to 20 °C, resulting in the freezing of water without
reaching the LNP phase transition temperature. 'H-NMR results
showed the characteristic peaks of trehalose and betaine after F-T,
indicating that content exchange occurs during the freezing stage,
without the need to reach the phase transition temperature of the
LNPs (Fig. 3b and Supplementary Fig. 15). During the freezing process,
solutes are progressively concentrated and excluded into the grain
boundary of ice crystals. Fluorescence microscopy imaging (Fig. 3e)
confirmed that LNPs also accumulate within these grain boundaries. As
freezing progresses, the concentrations of both LNP and solutes dra-
matically increase. When the surface of the LNP begins to freeze, lipid
phase separation occurs, allowing highly concentrated solutes to enter
the LNP structure while solutes inside the LNP diffuse outward along
the concentration gradient (Fig. 3f).

To further demonstrate that LNPs undergo content exchange with
surrounding solutions during F-T cycles and to rule out the possibility
that BT-CPA may merely adsorb onto the LNP surface, we incubated
LNP+BT-CPA with GelRed, a fluorescent nucleic acid stain that
increases in fluorescence intensity when it binds to mRNA*° (Fig. 4a).
As shown in Fig. 4b, the LNP solution without GelRed exhibited no
fluorescence, and GelRed alone showed weak fluorescence. When
GelRed was added to the LNP solution, it binds to unencapsulated
mRNA, resulting in increased fluorescence. After F-T cycles, the
fluorescence of GelRed further increases, suggesting that GelRed

enters LNP and binds to mRNA. To rule out the possibility that the
increased fluorescence of GelRed was due to mRNA leakage during F-T,
we subjected LNP+BT-CPA to F-T cycles first and then incubated the
formulation with GelRed. The fluorescent intensities of LNP solutions
before and after F-T are nearly identical, suggesting that there is no
significant mRNA leakage from the LNPs. These findings are consistent
with the mRNA encapsulation data (Fig. 1d) and indicate that large
hydrophilic molecules like mRNA cannot pass through the lipid bilayer
during the F-T process.

We next investigated the effect of the cooling rate on the content
exchange process. The cooling rate is known to influence the phase
transition of lipids and the formation of ice crystals*, which canimpact
the extent of solute infiltration into LNPs. We hypothesized that slower
cooling rates might allow more time for the phase separation of lipids,
facilitating greater solute exchange between LNPs and the surrounding
solution. As shown in Fig. 4c, the fluorescence intensity of GelRed
decreased progressively with increasing cooling rate. These results
suggest that slower cooling rates facilitate the exchange of solutes
between LNPs and the surrounding solution, potentially due to an
extended phase separation period of lipids, which provides additional
time for solute infiltration into LNPs.

The diffusion of small hydrophilic molecules from LNP to sur-
rounding solutions was also investigated by using fluorescein as the
model molecule (Fig. 4d). Fluorescein was added to the aqueous phase
during LNP synthesis. After LNP fabrication and dialysis to remove free
fluorescein, a small portion of fluorescein was shown to be encapsu-
lated in the LNPs after dialysis. The encapsulation efficiency is very low
(<0.01%) due to the weak interaction between fluorescein and lipids.
These F-LNPs were then incubated with BT-CPA and subjected to F-T
cycles. The leaked fluorescein was isolated through centrifugal filters
and quantified. Figure 4e shows that approximately 43% of the fluor-
escein diffuses out from the LNPs. These results indicate that LNPs
undergo content exchange with the external solution during the F-T
process.

We next investigate the mechanism by which BT-CPA enhances
the delivery efficacy of LNPs by evaluating the cellular uptake and
endosomal escape efficiencies of SM102-LNP+BT-CPA after F-T cycles.
Cyanine 5-labeled mRNA encoding mCherry (Cy5-mCherry) was
encapsulated in the SM102-LNP to enable fluorescent tracking and
imaging. SM102-LNPs were incubated with BT-CPA, subjected to F-T
cycles, and dialyzed against PBS to obtain BT-CPA-incorporated
SM102-LNPs (BT-CPA-LNP). DC2.4 cells were incubated with BT-CPA-
LNP and analyzed by flow cytometry and confocal laser-scanning
microscopy (CLSM). Free Cy5-mCherry and SM102-LNP were used as
controls. Flow cytometry analysis showed nearly identical cellular
uptake ability between freshly prepared SM102-LNP and BT-CPA-LNP,
suggesting that the incorporation of BT-CPA does not improve the
cellular uptake ability of LNP (Fig. 5a). CLSM was employed to further
assess the endosomal escape efficiency of the LNPs by staining the
nucleus and lysosomes using Hoechst (shown as blue) and Lyso-
Tracker (shown as green). The fluorescence of Cy5-mCherry was
shown as red. As shown in Fig. 5b, cells treated with BT-CPA-LNP
exhibited fewer overlapping between signals of Cy5 and lysosome
compared to SM102-LNP. Quantitative analysis using Pearson’s corre-
lation coefficient (PCC) between signals of Cy5 and LysoTracker also
shows that the BT-CPA-LNP group has a significantly lower PCC than
freshly prepared LNPs without CPA (Fig. 5¢). These results suggest that
the incorporation of CPA enhances the endosomal escape capability of
the LNPs.

In the acidic environment of the endosome, the carboxylic acid
group of betaine becomes protonated, converting the zwitterionic
betaine molecule into a positively charged species. This positive
charge can interact with the negatively charged endosomal mem-
brane, leading to enhanced membrane fusion. Previous studies have
also demonstrated that zwitterionic polymers exhibit improved
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Fig. 4 | Freezing induces content exchange between LNP and surrounding
solutions. a Schematic illustration of freeze-thawed LNP with GelRed. After freeze-
thaw, GelRed enters LNP and binds with mRNA to emit fluorescence.

b Fluorescence intensity of LNP, GelRed, LNP+GelRed, LNP+BT-CPA F-T+GelRed
(GelRed was added after F-T), and LNP+BT-CPA+GelRed F-T (GelRed was added
before F-T) (n=3 technical replicates). Data are shown as mean + SD. Statistical
significance was analyzed by one-way ANOVA and Tukey’s multiple comparisons
test. ¢ Fluorescence intensity of LNP+BT-CPA+GelRed F-T, temperature decreasing

rate with 1, 2.5, 5, 10, 15, 20 °C/min (n =3 technical replicates). Data are shown as
mean +SD. d Schematic illustration of freeze-thawed fluorescein-loaded LNP. The
encapsulated fluorescein in LNPs leaked out after F-T. e The concentration of
encapsulated fluorescein in LNP before and after F-T. (n=3 technical replicates).
Data are shown as mean + SD. Statistical significance was analyzed by unpaired two-
tailed Student’s ¢t-test. Figures 4a and 4d were created in BioRender. Lu, X. (2025)
https://BioRender.com/d64j818.

endosomal escape through similar mechanisms®. The membrane
fusion ability of LNPs was further investigated using a model endo-
some containing two fluorescent dye-labeled lipids, NBD-PE and Rhod-
PE*? (Fig. 5d). The fluorescence signal of NBD was quenched by PE
through fluorescence resonance energy transfer (FRET). Upon fusion
of the LNP with the model endosome, the fluorescence of NBD
increases due to the greater distance between NBD and Rhod. As
shown in Fig. 5e, BT-CPA-LNP exhibited higher NBD fluorescence
intensity compared to fresh LNPs, indicating its enhanced membrane
fusion capability. These results suggest that the incorporated betaine
increases the endosomal escape ability of LNPs, resulting in their
increased mRNA delivery efficacy (Fig. 5f).

In addition to the enhanced mRNA delivery efficacy, the long-term
storage of mRNA-LNP is also important for CPA. We tested the mRNA
expression efficacy of LNP after storage at -80 °C for 4 and 6 months.
Figure 5g showed that LNP+BT-CPA exhibited consistently enhanced
mRNA expression after storage for over a period of 6 months. Both
betaine and trehalose showed excellent profiles in a variety of biolo-
gical applications. We do not anticipate high toxicity associated with
BT-CPA. Indeed, cytotoxicity evaluation in DC2.4 cells showed that BT-
CPA is not cytotoxic at all tested concentrations (Fig. 5h).

The enhanced mRNA expression of LNPs stored with BT-CPA
could offer dose-sparing benefits. To evaluate the efficacy of LNP+BT-
CPA after F-T as a vaccine, mRNA encoding a model antigen ovalbumin
(mOVA) was encapsulated into LNPs. C57BL/6 mice were intramuscu-
larly injected with either freshly prepared LNP or freeze-thawed LNP

+BT-CPA at weeks O and 2, at doses of 0.1 ug or 1 ug mOVA per injection
(Fig. 6a). The serum was collected in week 3 after the first injection for
subsequent analysis of OVA-specific IgG antibody titers via enzyme-
linked immunosorbent assay (ELISA). As shown in Fig. 6b, LNP+BT-CPA
F-T induced higher OVA-specific antibody responses than freshly
prepared LNP at both doses. The OVA-specific CD4 and CD8 T cell
responses in the spleens of mice were further evaluated via an enzyme-
linked immunosorbent spot (ELISpot) assay. LNP+BT-CPA F-T also
generates higher Interferon-gamma (IFN-y) producing CD4 and CD8
T cells than freshly prepared LNP (Fig. 6¢, d, and Supplementary
Fig. 16). These results indicate that BT-CPA enhances both the humoral
and cellular immune responses of the mRNA-LNP vaccine after storage
under freezing conditions, thus providing dose-sparing advantages.
In conclusion, our study demonstrates that the combined cryo-
protectant formulation of betaine and trehalose (BT-CPA) not only
stabilizes lipid nanoparticles (LNPs) during freeze-thaw cycles but also
enhances mRNA delivery. By leveraging the freezing process to
incorporate betaine into LNPs, driven by freezing-induced concentra-
tion and lipid phase separation, we significantly improve their struc-
tural integrity, endosomal escape ability, and mRNA expression
efficiency. These findings underscore the potential of using freezing to
enhance LNP functionality by incorporating functional molecules
during the freeze-thaw process, opening possibilities for the devel-
opment of cryoprotectants that can improve the efficacy of mRNA-
based therapeutics. Additionally, our results highlight the need for a
more comprehensive understanding of the interactions between
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Fig. 5 | BT-CPA enhances the endosomal escape and mRNA delivery of LNP.
aFlow cytometry analysis of DC2.4 cells treated with free Cy5S-mCherry, LNP, or LNP
+BT-CPA F-T. (n =3 technical replicates) Data are shown as mean + SD. Statistical
significance was analyzed by one-way ANOVA and Tukey’s multiple comparisons
test. ns, not significant. b Representative CLSM images of DC2.4 cells treated with
LNP or LNP+BT-CPA F-T encapsulating Cy5-mCherry. The nuclei and lysosomes of
cells were stained with Hoechst and LysoTracker, respectively. The scale bar is
20 um. ¢ Pearson’s correlation coefficient of (b) was quantified using ImageJ (n=3
technical replicates). Data are shown as mean + SD. Statistical significance was
analyzed by unpaired two-tailed Student’s t-test. d Schematic illustration of the
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membrane fusion assay between LNP and the model endosome. e The fluorescence
intensity of the model endosome was monitored after adding different amounts of
LNPs. f The proposed mechanism through which betaine enhances the endosomal
escape of LNP. g Normalized mLuc expression in DC2.4 cells after treatment with
different LNPs (n =3 technical replicates). Data are shown as mean + SD. Statistical
significance was analyzed by one-way ANOVA and Tukey’s multiple comparisons
test. h The viability of DC2.4 cells after incubation with varying concentrations of
sucrose or BT-CPA (n = 3 technical replicates). Data are shown as mean + SD. Figure
5d and 5 f were created in BioRender. Lu, X. (2025) https://BioRender.com/
q10z184.
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Splenocytes were isolated 3 weeks post prime shot and stimulated by CD4 or CD8
peptide. d Quantitative analysis of IFN-y spots of ELISpot assay stimulated with CD4
or CD8 peptide (n=4 biologically independent samples). Data are shown as
mean + SD. Figure 6a was created in BioRender. Lu, X. (2025) https://BioRender.
com/xdgkl76.

cryoprotectants and LNPs during freeze-thaw cycles. The chemical
properties of cryoprotectants, such as charge, polarity, and functional
activity, may profoundly influence nanoparticle behavior—affecting
stability, payload release, and cellular uptake. Moving forward, cryo-
protectants should be evaluated not only for their ability to stabilize
nanoparticles but also for their potential role as active modulators of
nanoparticle function, providing a perspective on formulation strate-
gies for mRNA delivery.

Methods

Synthesis of Lipid nanoparticles

Lipid nanoparticles (LNPs) were synthesized by mixing the lipids and
mRNA in a microfluidic chip. lonizable lipids SM-102 (Sinopeg), ALC-
0315 (Sinopeg), cKK-E12 (WuXi AppTec), or MC3 (Sinopeg), DSPC
(Avanti Polar Lipids), cholesterol (Sigma-Aldrich), and DMG-PEG2000
(Avanti Polar Lipids) were dissolved in ethanol. The mLuc-mRNA
(Firefly luciferase mRNA, APExBIO) or OVA-mRNA was dissolved in
50 mM citrate buffer (pH 4, Biorigin). mOVA were synthesized using T7
RNA polymerase-mediated transcription from a linearized DNA tem-
plate (GenScript). The ethanol phase and aqueous phase were mixed
with a volume ratio of 3:1 using syringe pumps (Harvard Apparatus).
The mixture was dialyzed (MWCO =12 k-14 kDa, Biorigin) against 1x
phosphate-buffered saline (PBS, Sigma) at 4°C for over 4h. The
hydrodynamic diameter and polydispersity index (PDI) of LNP were
measured at 25 °C using a Zetasizer Nano ZSP (Malvern Instruments).
The mRNA encapsulation efficiency was measured using Quant-iT
RiboGreen RNA assay (Invitrogen according to the manufacturer’s
instructions.

Freeze-thaw treatment to LNP

The cryoprotectant solution was prepared by dissolving trehalose (w/v)
and betaine in the aqueous buffer of 10 mM sodium citrate and 20 mM
Tris with the final pH adjusted to 7.4. The solution was then filtered
through a 0.22 pm membrane to remove all particulates. Cryoprotec-
tant solution was then mixed with LNP solution at room temperature in

a 1:1 (v/v) ratio. For the freezing process, the cryoprotectant-LNP mix-
ture was placed in a Nalgene™ Cryo Freezing Container, which pro-
vided controlled cooling at a rate of approximately 1°C/min. The
samples were maintained within the freezing container for at least 2 h in
a —80°C freezer. Then the frozen LNP suspensions were thawed at
room temperature. The thawed solutions were then gently mixed to
restore homogeneity before subsequent analysis.

Evaluation of mRNA expression in vitro

DC2.4 cells were incubated in a 37 °C humidified incubator with 5%
CO,. 2 x10° DC2.4 cells per well were seeded in each well of a 96-well
plate (Merck). The cells were cultured in 200 uL of Roswell Park
Memorial Institute (RPMI) medium 1640 basic (Gibco) supplemented
with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-
streptomycin (Gibco). When the cell confluence reached 50%, LNPs
encapsulating Fluc-mRNA were added to the 96-well plate. The plate
was incubated for 24 h before the detection of luciferase expression
using the One-Lite Luciferase Assay System (Vazyme) according to the
manufacturer’s instructions. The bioluminescence was measured
using a multimode microplate reader (Synergy H1, BioTek).

Evaluation of mRNA expression in vivo

All animal experiments were approved by the Peking University Insti-
tutional Animal Care and Use Committee (PUIRB-LA2023156). The
studies, study design, results, and findings are not specific towards any
sex or gender. The animals were maintained in a controlled environ-
ment with a 12h light/dark cycle. The ambient temperature was
maintained at 22-24 °C, and the humidity level was kept at 40 ~ 60%.
Eight-week-old female C57BL/6 mice were used to evaluate the mRNA
expression in vivo. LNP and LNP+BT-CPA F-T containing 2 pg of mLuc
were intramuscularly injected into the left thigh of each mouse (n = 6).
Potassium (S)-2-(6-hydroxybenzo[d]thiazol-2-yl)-4, 5-dihydrothiazole-
4-carboxylate (Bidepharm) in 200 pL of PBS (20 mg/mL) was intra-
peritoneally injected into each mouse at 4 and 24 h post-injection. The
mice were then imaged using the IVIS Lumina system (Perkin Elmer).
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'H NMR

'H NMR spectra were recorded using a Bruker NEO 700-NMR spec-
trometer operating at 700 MHz at room temperature. Betaine and
trehalose were dissolved into methanol-D4 (Innochem) before scan-
ning. All samples containing LNPs were dialyzed against PBS before
scanning. 50 pL of the sample solution (in PBS) was mixed with 450 pL
of methanol-D4, and the LNPs were then disrupted using an ultrasound
sonicator. Chemical shifts are given on the parts per million scale
(ppm). The center of the methanol-D, (3.310 ppm) signals was used as
the reference. All '"H NMR data were analyzed using the MestReNova
software.

Differential Scanning Calorimetry (DSC)

DSC measurements of PBS or LNP solutions were performed on a
calorimeter (PE DSC8500) equipped with liquid nitrogen under an
argon atmosphere. The samples were first cooled from 20 °C to -80 °C
at a rate of 5°C min™. After holding at —80 °C for 2 min, the samples
were heated from -80 °C to 80 °C at a rate of 2.5 °C/min. The heat flow
and temperature were calibrated before the experiments. All the DSC
curves were normalized against sample weight. Phase transition and
ice melting temperatures were obtained from the onset point of exo-
thermic peaks during heating procedures.

Fluorescence microscopy

2.5 uL of the Cy5-mCherry@LNP+BT-CPA solution was deposited onto
a silicon substrate and covered with a 12 mm diameter circular cover
glass. The sample was placed on a cryo-stage (Instec mk2000, Amer-
ica) for temperature control. The temperature was decreased to
-80 °C at a rate of 1°C/min, held for 2 min, and subsequently ramped
to —15°C at a rate of 20 °C/min. Fluorescence and bright field micro-
scopy images were captured at —15°C using a Nikon optical micro-
scope (LVIOOND, Japan) equipped with a CCD camera (DS-Ri2).

LNP freeze-thaw with Gelred

The LNP solution with BT-CPA was mixed with Ultra GelRed 10,000x
(GR501-01, Vazyme) at a 1000:1 (V/V) ratio. After F-T, the mixture was
added to a black 96-well plate. The fluorescence of GelRed was mea-
sured using a multimode microplate reader (Synergy H1, BioTek) with
excitation at 300 nm and emission at 613 nm.

Cellular uptake in vitro

DC2.4 cells were incubated in a 37 °C humidified incubator with 5%
CO,. 5x10* DC2.4 cells per well were seeded in a 48-well plate
(Merck) which were cultured in 200 uL RPMI medium 1640 basic
supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. When the cell confluence reached 65%, LNPs encap-
sulating 100 ng Cy5-DNA per well were added into the 48-well plate
to incubate for 3h. Then the medium was removed. Cells were
washed with PBS before adding 100 puL of 0.25% Trypsin-EDTA
(Gibco) to digest cells. 100 uL medium was then added to each well.
The cells were washed by PBS 3 times before being analyzed by a
flow cytometer (Beckman Coulter).

Endosomal vesicle assay

Endosomal vesicles were prepared by mixing the ethanol phase
containing 42% DOPE, 17% DOPC, 13% LBPA, 28% cholesterol, 1.5%
Rhod-PE, and 2% NBD-PE with PBS (pH 5.5). The mixture was dialyzed
using a dialysis membrane (MWCO =12-14 kDa) against PBS (pH 5.5)
at 4 °C for over 4 h. The successful synthesis of vesicles was con-
firmed by dynamic light scattering measurements. 2 mL of endoso-
mal vesicles (110nM of NBD-PE) were added to a fluorescence
cuvette before sequentially adding 2 pL of LNPs containing 1ug of
mLuc. The fluorescence of the mixed solution was recorded after
each addition of LNP by a Cary Eclipse fluorescence spectrometer
(Ex/Em = 465/540 nm).

Confocal microscopy

DC2.4 cells were incubated in a 37 °C humidified incubator with 5%
CO,. 2x10° DC2.4 cells per well were seeded in a glass bottom dish
(Cellvis). The cells were cultured in RPMI medium 1640 basic supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomycin for
12 h. LNPs encapsulating Cy5-DNA were incubated with cells at a Cy5
concentration of 100 nM for 3 h. The medium was removed before
being washed by PBS 3 times. The cell nucleus and lysosomes were
stained with Hoechst (Gibco) and LysoTracker green (Beyotime)
according to the manufacturer’s instructions. 4% paraformaldehyde
was used to fix the cells. Cells were imaged by an LSM 880 confocal
laser scanning microscope (Zeiss).

CCK-8 cytotoxicity assay

The cytotoxicity of LNPs was evaluated by CCK-8 assays. DC2.4 cells
were seeded into 96-well plates (2 x 10* cells per well) in RPMI medium
1640. When DCs were 50% confluent, cells were incubated with dif-
ferent concentrations of sucrose and CPA for 24 h. The supernatant
was aspirated before adding 100 pL of fresh RPMI medium 1640 and
10 L of CCK-8 solution (Yeasen). Cells were incubated for 1 h at 37 °C.
The 96-well plate was equilibrated to room temperature for 30 min.
The absorbance at 450 nm was measured using a multimode micro-
plate reader (Synergy HIl, BioTek). Cell viability was calculated
according to the manufacturer’s instructions.

Immunization and ELISA

Female C57BL/6 mice (6-8 weeks old) received intramuscular injec-
tions of MOVA@LNP or mOVA@LNP+CPA F-T on days O and 14. Each
dose contained 0.1pg or 1pug mOVA. Serum samples were collected
from the submandibular (facial) vein for ELISA analysis. Briefly, 5 ug/mL
of OVA protein (Sigma) in 50 mM Na,CO3z was coated onto high
binding 96-well plates (100 uL per well, Merck) and incubated at 4 °C
overnight. Coating buffers were aspirated before adding 150 pL of
blocking buffer (1x PBS with 0.05% Tween-20, 1% BSA, and 0.02%
NaN3). The plate was incubated for 2 h at 37 °C before being washed
three times with 300 pL of PBST buffer (1x PBS with 0.05% Tween—20).
100 pL of diluted serum sample was added to each well. The plates
were incubated for 1h at 37 °C. The ELISA plates were washed three
times with 300 pL of PBST before adding 100 pL of anti-mouse IgG-
HRP (RAS060-C04, Acro) and incubated for 1h at 37 °C. The ELISA
plates were washed three times with 300 pL of PBST before adding
100 plL of 1-Step Ultra TMB-ELISA (Thermo Scientific). The reaction was
stopped with 100 pL of 2 M sulfuric acid after 8-12 min incubation. The
absorbance of each well at 450 nm was read using a microplate reader.

ELISpot assay

The pre-coated strip plate (3321-4AST-2, Mabtech) was washed four
times with sterile 1x PBS (200 pL per well) and conditioned with RPMI
1640 medium (200 pL per well) for 30 min at room temperature.
Splenocytes were prepared from immunized mice and incubated
(4 x10° cells per well) in RPMI 1640 medium (200 pL per well) sup-
plemented with 10% FBS, 1% penicillin-streptomycin, 1% HEPES pH 7.3,
1% MEM non-essential amino acids 1% sodium-pyruvate, and 0.1%
2-mercaptoethanol. Cells were stimulated with 10 ug/mL SIINFEKL
peptide and ISQAVHAAHAEINEAGR peptide (GL Biochem) for resti-
mulation of OVA-specific CD4" and CD8" T cells, respectively, for 24 h.
Spots were visualized with streptavidin-alkaline phosphatase (3321-
4AST-2, MabTech) and BCIP/NBT substrate (3321-4AST-2, MabTech)
followed by incubation with biotin-conjugated anti-IFN-y antibody
(3321-4AST-2, MabTech). The number of spots was counted visually.

Statistics and reproducibility

All statistical analyses were performed using the GraphPad Prism
software package (PRISM 8.2.1; GraphPad Software). Technical or
biological replicates were used in all experiments unless otherwise
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stated. Data are presented as means + SD. One-way analysis of variance
(ANOVA) was used when there were multiple comparisons. Student’s ¢-
test was used for single comparisons. The specific statistical methods
are indicated in the figure legends. Data were significantly different
if P<0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All the data generated in this study are provided in the Article, Sup-
plementary Information, Source Data file, and deposited in the figshare
database under accession code [https://doi.org/10.6084/m9.figshare.
28774901]. Source data is available for Figs. 1-6 and Supplementary
Figs. 1-16 in the associated source data file. Source data are provided in
this paper.
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