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Abstract

Lipid nanoparticles (LNPs) have revolutionized nucleic acid delivery, enabling significant advances in mRNA-based
therapeutics. While extensive research has focused on lipid composition, the impact of preparation solutions on
LNP performance remains underexplored. This study systematically investigated the effects of pH, salt type, and
concentration across key preparation solutions—mRNA aqueous, dilution, exchange, and storage solutions—on
the physicochemical properties, stability, and expression efficiency of SM102-based mRNA/LNPs. Findings revealed
that the pH of the mRNA agueous solution was critical, with a pH of 4 optimizing encapsulation efficiency (EE)
and cellular expression. The exchange solution’s pH significantly influenced biodistribution, particularly liver-specific
expression following intravenous and intramuscular administration. Sucrose was identified as essential for freeze-
thaw stability, with a 300 mM concentration minimizing aggregation and mRNA leakage. Furthermore, preparation
solutions were shown to influence the structural integrity of LNPs, impacting their in vivo and in vitro performance.
These insights highlight the importance of preparation conditions in optimizing LNP formulations for clinical
applications, offering a foundation for enhanced therapeutic design and delivery.
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Introduction

mRNA therapies have drawn great attention of
researcher due to their success in preventing infectious
disease spread [1-4], reducing relapse rates in advanced
melanoma and pancreatic cancer patients [5-7], and
mitigating metabolic decompensation events [8, 9] in
patients with hereditary rare diseases. Lipid nanoparti-
cles (LNPs) represent the most advanced delivery system
for mRNA therapeutics and have garnered significant
attention due to their ability to encapsulate and protect
nucleic acids, efficiently deliver cargo to target cells,
and facilitate intracellular release. LNP delivery systems
typically consist of ionizable lipids, helper lipids, choles-
terol, and poly(ethylene glycol) (PEG)-conjugated lipids.
Ionizable lipids exhibit a positive charge, enabling the
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encapsulation of mRNA molecules in acidic solutions
and facilitating intracellular release [10, 11]. Helper lip-
ids play a critical role in the encapsulation efficiency (EE)
and endosomal escape of mRNA/LNP complexes [12].
The addition of cholesterol enhances the rigidity of the
lipid membrane, contributing to the stability of the LNP
[13]. PEG-lipids are incorporated to reduce aggregation
during LNP formation and to extend the circulation time
of LNPs following administration [14]. Therefore, exten-
sive research has focused on developing novel structures
of ionizable lipids [15—17], helper lipids [18, 19], choles-
terol analogs [20-22], and PEG-lipid compositions [23,
24] to optimize LNP for varied routes of administration
[25], organ targeting [26—28], and disease treatments [29,
30].

Beyond lipids, the role of other components, such as
salts and sucrose, in mRNA/LNP formulations has been
underestimated. Currently, in addition to mRNA and
lipid components, US Food and Drug Administration
(FDA)-approved mRNA vaccines are stored in carefully
formulated buffer solutions. For instance, the mRNA-
1273 vaccine is stored in a pH 7.5 tromethamine (Tris)
buffer supplemented with sodium acetate and sucrose
[31]. In contrast, BNT162b2 is initially dispersed in a
phosphate-buffered saline (PBS) and sucrose solution
before being transferred to a Tris buffer and sucrose
solution [32]. While studies have reported that Tris salts
mitigate ionizable lipid degradation [33], enhancing LNP
stability, and that sucrose protects LNP integrity under
freeze-thaw stress [34], the effects of solution pH, salt
concentration, and salt species on storage stability have
not been systematically investigated.

Furthermore, salt buffer solutions and salts are not lim-
ited to the final storage stage of mRNA/LNP products
(storage solution); they also play critical roles during the
formulation and purification stages. Examples include
acid buffer solutions used in mRNA aqueous phases to
promote mRNA encapsulation into LNPs (mRNA solu-
tion), solutions used to dilute ethanol after LNP forma-
tion (dilution solution), solutions employed to remove
ethanol and precipitation of LNPs, and neutralize solu-
tion pH (exchange solution). Systematic exploration
of these solutions is essential to fully understand their
impact on the performance and stability of mRNA/LNP
formulations.

Prior studies have demonstrated that the pH value
in mRNA aqueous solution composition influence the
secondary structure and stability of mRNA molecules
[35], and affects electrostatic interactions with ioniz-
able lipids and the internal structure of LNPs [36, 37].
Salt concentrations in mRNA aqueous solutions have
also been shown to alter LNP size, structure, and uptake
[38], thereby impacting protein expression. Additionally,
Tris buffer has been reported to mitigate ionizable lipid
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degradation, enhancing LNP stability [33], and sucrose in
appropriate concentration improves tolerance to freeze-
thaw or lyophilization processes [34, 39, 40]. The choice
of salt species in storage solution further affects LNP sta-
bility and expression efficiency [41]. However, current
research predominantly focuses on mRNA solutions and
storage solutions, with limited attention given to the roles
of dilution and exchange solutions in LNP preparation.
Moreover, existing studies have yet to address the extent
to which the pH, concentration, and type of salt solution
influence the physicochemical properties and expression
efficiency of LNPs, including both mRNA solutions and
storage solutions.

To address this critical gap, this study aimed to inves-
tigate the effects of the components of four key solu-
tions used during the LNP preparation process on the
physicochemical properties and expression efficiency of
LNPs (Scheme 1, Table S1 and S2). Specifically, the FDA-
approved SM-102 formulation and luciferase mRNA was
selected as a model. The physicochemical properties of
SM-102 LNPs, including particle size, polydispersity
index (PDI), zeta potential, and EE, as well as their cellu-
lar expression in murine dendritic cells (DC2.4), muscle
cells (C2C12), and hepatocytes (AML12), were initially
characterized to assess the influence of each solution on
LNP performance. Subsequently, the optimized prepa-
ration solutions from each step were combined and
systematically evaluated for variations in physicochemi-
cal properties, stability under freeze-thaw stress, and in
vitro/in vivo expression to explore potential interactions
between the solutions. Specifically, this study examined
the effects of pH, salt type, and salt concentration in
these solutions on LNP physicochemical properties and
expression independently and systematically.

This is the first study to comprehensively assess the
extent to which these four distinct solutions affect LNP
performance. The findings provide valuable insights into
optimizing mRNA/LNP formulations and advancing
their development.

Materials and methods

Materials

Dulbecco’s Phosphate Buffered Saline (D-PBS) was
from Wuhan Servicebio Technology Co., Ltd (China).
Ambion™ Nuclease-Free Water was purchased from
Thermo Fisher Scientific Inc (USA). Sodium citrate and
Tris were from AVT (Shanghai) Pharmaceutical Tech
Co., Ltd (China). Citric acid, sodium acetate, sodium
chloride, sucrose, potassium dihydrogen phosphate
and potassium phosphate dibasic trihydrate were pur-
chased from NANJING CHEMICAL REAGENT CO.,
LTD (China). 1-Octylnonyl 8-[(2-hydroxyethyl)[6-0xo-
6-(undecyloxy)hexyl]Jamino]-octanoate (SM-102) was
from XIAMEN SINOPEG BIOTECH CO LTD (China).



Tang et al. Journal of Nanobiotechnology (2025) 23:223

Page 3 of 18

-
L

e Step 1:
/ mRNA aqueous solution
(mm
pH 2

Salt species E

Salt concentration E

Step 3:
LNP exchange solution

pH -

Salt species

3
4
1 .

\  Salt concentration
\ \. 4

~
L

LNP formation
solution screening

~~
S..

Step 2: N,
LNP dilution 3

pH

Salt species

~ b\‘ Salt concentration

Step 4:
LNP storage solution

pH

] / \ Sucrose
b Salt species

Salt concentration /

Scheme 1 The four steps of LNP solution screening

1,2-dioctadecanoyl-sn-glycero-3-phophocholine (DSPC),
cholesterol, 1,2-dimyristoyl-rac-glycerol-3-methoxypoly-
ethylene glycol-2000 (DMG-PEG2000) were purchased
from Xi’an ruixi Biological Technology Co., LTD (China).
Centrifugal Filter was from Sigma-Aldrich (St. Louis,
MO). Quant-iT™ RiboGreen™ RNA Reagent, 10% Triton
X-100 and penicillin/streptomycin (Pen-Strep) were pur-
chased from Thermo Fisher Scientific Co., LTD (USA).
Britelite plus was from PerkinElmer (USA). D-Luciferin
firefly Potassium Salt was from Maokang Biotechnology
(China). Dulbecco’s Modified Eagle Medium (DMEM),
RPMI 1640 Medium and Fetal Bovine Serum (FBS) were
purchased from Gibco (Waltham, USA). BeyoAOF™
ITS Media Supplement was from Beyotime Biotech Inc
(China).

Methods

Preparation of LNPs

LNPs were formulated by microfluidic mixing
(Micro&Nano Instrument Technology Co., LTD.

China, INanoL). Briefly, SM102, DSPC, Chol, DMG-
PEG2000 were dissolved in ethanol with the molar ratio
50:10:38.5:1.5. LNPs were formulated by mixing the etha-
nol phase containing lipids with an aqueous phase con-
taining mRNA at volume ratio of 1:3. Then, the LNPs
were diluted with diverse dilutions, subsequently, ultra-
filtered and concentrated by 100 KDa Amicon ultra-
centrifugal filter. After that, the concentrated LNPs were
dialyzed through different exchange solutions. LNPs were

eventually preserved in diverse storage solutions (Table
S1 and S2). LNPs were stored at 4 ‘C for further study.

Characterization of LNPs

Hydrodynamic diameter, polymer dispersity index
(PDI) and zeta potential of the LNP nanoparticles were
measured with dynamic light scattering (DLS). The
morphology of LNP nanoparticles was measured with
cryo-transmission electron microscopy (Cryo-TEM). The
mRNA concentration of LNPs was measured by stunner
(Unchained Labs). EE of LNP was tested by Quant-iT™
RiboGreen™ RNA Reagent. Briefly, an equal volume of
RiboGreen reagent was added to the diluted LNPs, then
the fluorescence of the samples was measured using a
microplate reader with excitation (Ex) and emission (Em)
wavelengths setting to 485 nm and 530 nm, respectively.
The difference between the total mRNA content and un-
encapsulated mRNA was the amount of mRNA encapsu-
lated in formulations.

Cell culture

AML12 cells were cultured in Dulbecco’s Modified Eagle
medium supplemented with 10% FBS, 1% penicillin-
streptomycin, 1% BeyoAOF™IST Media Supplement
and 40 ng/mL Dexamethasone. RPMI 1640 medium with
10% FBS and 1% penicillin-streptomycin was utilized to
culture DC2.4 cells. C2C12 cells were cultured in DMEM
with 10% FBS and 1% penicillin-streptomycin. All cells
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were cultured at 37 °C with 5% CO2 in a humidified
incubator.

LNP transfection in vitro

AMLI12, DC2.4 and C2C12 cells (1x 10* cells/well) were
seeded in 96 well plate and incubated overnight before
treatment with different LNPs encapsulating with lucif-
erase mRNA. After incubating 24 h, Britelite plus lucif-
erase detection buffer was added to each well to quantify
the luciferase expression of each LNPs according to the
manufacturer’s protocol.

LNP freeze-thaw stability assay

LNPs with different storage solution were stored at -20°C
for 3 days followed by thawing at 4 ‘C. Then, the mea-
surement of hydrodynamic diameter, PDI, zeta potential,
EE and transfection in vitro were conducted as described
above.

LNP transfection in vivo

Female BALB/c mice (6—8 weeks) were purchased from
Shanghai ShengChang Biomedical Technology Co., LTD.
Animal experiments followed the protocol approved by
the Renji Hospital Institutional Animal Care and Use
Committee. BALB/c mice were administrated LNPs
encapsulating luciferase mRNA (0.25 mg/kg) through
i.m. injection or i.v. injection. 6 h and 24 h post-injection,
D-luciferin Potassium Salt solution (150 mg/kg) was
intraperitoneally injected to the mice. Luciferase expres-
sion at liver or injection site was monitored and quanti-
fied by Raycision IMAGEING 200 imaging system and
manufacturer’s software.

Statistical analyses

All statistical analysis was performed with GraphPad
Prism. Data were presented as meanz*SD. Unpaired
Student’s t-test was used to analyze the statistical sig-
nificance between two groups, while One-way ANOVA
was used to analyze statistical differences among three or
more groups. p<0.05 was considered a minimal level of
statistical significance. All schemes were painted by using
BioRender.

Results

The effect of MRNA aqueous solution on LNP
physicochemical properties and transfection in vitro
Firstly, we investigated the impact of pH (pH=3, 4, 5,
6), salt type (citrate solution (CS), acetate solution (AS),
CS plus NaCl, AS plus NaCl), and salt concentration
(10, 25, 50, 100 mM) on the physicochemical proper-
ties and cellular expression of LNPs (Fig. 1A and B). The
specific type of aqueous solutions was shown in Table
S3. We measured the hydrodynamic diameter, PDI, zeta
potential, and EE of LNPs prepared with different mRNA
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aqueous solutions (Table S3). The hydrodynamic diam-
eter of these LNPs ranged from 84 to 120 nm, with a
PDI between 0.08 and 0.21, zeta potential from -7.2 to
2.4 mV, and EE ranging from 0 to 92%. The lowest EE
was found in group A1l which the salt of mRNA aque-
ous solution was 50 mM CS and 130 mM NaCl with pH
equaling 6. Moreover, the highest EE was achieved in
group A13 with 91.8%, in which 100 mM CS with pH=3
solution was used to disperse mRNA. Moreover, A13 also
showed the highest size with 120.3 nm, while the smallest
size was found in A1 (83.5 nm) which 10 mM CS (pH =6)
was used as mRNA aqueous solution. Then, we tried to
figure out which factor impacted the physicochemi-
cal properties significantly and which factor or factors
played the most crucial role. Therefore, we analyzed the
correlation between the pH, salt concentration, and the
physicochemical properties (Fig. 1C). The results showed
a negative correlation between the pH of mRNA aqueous
solution and the particle size, zeta potential and EE of the
LNPs (Fig. 1C, D and E and Figure S1D).

Conversely, we only observed a positive correlation
between the salt concentration of the mRNA aqueous
solution and the particle size of LNPs (Fig. 1F). As the
salt concentration increased, the particle size of LNPs
slightly increased from 100 nm to 110 nm, likely due to
the fusion between small vesicles under high ionic con-
centration [42]. This indicated that the concentration of
salt had less significant effect compared with pH. Fur-
thermore, we found that the type of salt showed no effect
on the physicochemical properties (Figure S1H). More-
over, we found that EE and particle size increased with
increasing zeta potential (Fig. 1G and Figure S1E). Addi-
tionally, Figure S1F and S1G demonstrated that EE and
size were negatively correlated with PDI. These results
suggested that the pH of mRNA aqueous solution was
the most crucial role of mRNA aqueous solution affect-
ing physicochemical properties which maybe because,
as the pH increased, the degree of protonation LNPs
decreased, leading to the exposure of mRNA on the LNP
surface and resulting in the heterogeneous formation of
mRNA/LNP complexes [35, 43, 44]. Consequently, EE
and zeta potential decreased as the pH of the mRNA
aqueous solution increased (Fig. 1C). Furthermore, high
pH values contributed to the formation of empty lipo-
somes, leading to smaller size and greater heterogeneity
of LNPs [45] (Fig. 1C).

Subsequently, we examined the expression of these
LNPs in AML12, DC2.4, and C2C12 cell lines (Fig. 1B,
Figure S1A). The LNPs exhibited varying cellular trans-
fection efficiency across different cell lines. Specifically,
LNPs from groups Al, A2, A6, A10, and All showed
relatively lower luciferase expression, while group A8
demonstrated the highest cellular transfection effi-
cacy. Next, we investigated whether cellular expression
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Fig. 1 Influence of mRNA aqueous solution on mRNA/LNP. (A) Schematic of the LNP preparation method with different mRNA aqueous solutions. (B)
Transfection efficiency of MRNA/LNP in DC2.4 cells and AML12 cells. (C) Correlation between mRNA aqueous solutions, physicochemical properties, and
transfection ability. The correlation of pH and size (D), pH and EE (E), concentration of acid solution and size (F), Zeta potential and EE (G). (H) The impact
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on the transfection of LNPs in DC2.4 cells and AML12 cells. Data were presented as mean+SD. *p<0.05, **p <0.01
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correlated with the factors of the mRNA aqueous solu-
tion. As shown in Fig. 1H and Figure S1B, the pH of the
mRNA aqueous solution significantly impacted LNP cel-
lular expression. A decreasing trend in expression was
observed in DC2.4, AML12, and C2C12 cells as the pH
increased from 4 to 6. In DC2.4 cells, cellular expres-
sion was 2.9 times higher with a pH of 4 compared to
pH=6. In AMLI12 cells, the cellular expression of LNPs
with mRNA aqueous solutions at pH=5 and 6 decreased
by 33% and 66% compared to pH=4 (Fig. 1H). Similarly,
in C2C12 cells, luciferase expression with pH=4 mRNA
aqueous solution was 3.9 times higher than that of pH=6
(Figure S1B). Interestingly, LNPs with a pH of 3 did not
follow this trend, possibly due to the instability of mRNA
molecules at this low pH [46]. In contrast, the type and
concentration of salts of the mRNA aqueous solution did
not show any significant impact on cellular expression
(Fig. 11, Figure S1C).

Based on these findings, the pH of the mRNA aqueous
solution emerged as the most critical factor influencing
physicochemical properties and cellular expression of
LNPs. Therefore, mRNA aqueous solution with pH=4
was selected for further studies.

The effect of Dilution on physicochemical properties and
transfection of LNPs
Subsequently, we examined the effect of pH (pH=4, 5,
6), salt type (phosphate solution (PS), CS, AS), and salt
concentration (10, 25, 50 mM) of the diluent on physi-
cochemical properties and cellular expression of LNP
(Fig. 2A). The dilutions were listed in Table S4. We
tested the physicochemical properties of LNPs, lucifer-
ase expression at the cellular level (Table S4 and Fig. 2B),
and explored the correlations among various indicators
(Fig. 2C). Firstly, we evaluated the influence of dilutions
on physicochemical properties. The size was approxi-
mately 84 nm and EE was around 91% (Table S4) with
little difference between LNPs. Additionally, as shown in
Fig. 2C and D, only the salt concentration of the diluent
exhibited a negative correlation with the zeta potential of
LNPs. pH, on the other hand, showed no significant cor-
relation with the physicochemical properties, suggesting
that the pH of the diluent was less important than the
pH of the mRNA aqueous solution. Furthermore, LNPs
formed at pH =5 were more uniform, with a PDI of 0.07,
compared to those formed at pH=4 and pH=6 (pH=4:
PDI=0.10; pH=6: PDI=0.14) (Fig. 2E). The salt type did
not significantly affect the physicochemical properties of
LNPs (Figure S2A). Based on these results, we concluded
that the dilution had a smaller effect on the physicochem-
ical properties of LNPs compared to the mRNA aqueous
solution.

In terms of cellular expression, the pH, salt type, and
concentration of the diluent had no notable effects on
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LNP expression across different cell lines (Fig. 2C and
Figure S2B-S2D), except in C2C12 cells, where the pH of
the diluent influenced expression (Figure S2E). At pH=4
(9.57*10°), LNP expression in C2C12 cells was 20% or
24% higher compared to pH =5 (7.75*10%) or 6 (7.26*10°),
a phenomenon not observed in the other two cell lines.
Moreover, we found that the expression of LNPs in
AML12 and DC2.4 cell lines was positively correlated
with particle size (Fig. 2F and G).

Based on these findings, there was no clear evidence
indicating that any particular factor of dilutions had a
significant impact on LNPs. Therefore, we proceeded to
test all factors of the dilutions in combination with other
types of solutions in further experiment.

The effect of exchange solution on physicochemical
properties and transfection of LNPs
We then studied the effect of different exchange solutions
on the physicochemical properties and cellular expres-
sion of LNPs before (indicated as process A) and after
(indicated as process B) exchange with the final storage
solution (PBS) (Fig. 3A). The composition of exchange
solutions used in each group were listed in Table S5.
Firstly, we compared the physicochemical properties of
LNPs prepared by the two processes (Table S5). The data
showed that LNPs prepared by process A had a notably
smaller particle size (85 nm vs. 106 nm, p<0.01) and EE
(87% vs. 94%, p <0.05) than those prepared by process B.
However, process A LNPs exhibited a higher zeta poten-
tial (0.87 mV vs. -0.58 mV, p<0.01). No significant dif-
ference in PDI was observed between the two methods
(Fig. 3B). Next, we sought to determine which factors of
the exchange solutions contributed to these differences.
We assessed the influence of pH (pH levels of 4, 5, and
6), salt type (PS, CS and AS), and salt concentration (10,
25, and 50 mM) on particle size, zeta potential, and EE in
both processes (Figure S3A). For particle size, LNPs pre-
pared by process A with size below 100 nm, were signifi-
cantly smaller than those prepared by process B, which
was larger than 100 nm under all conditions. This may be
due to the pH increasing from 4, 5, or 6 to 7 when adding
the final storage solution-PBS. Regarding zeta potential,
all LNPs in process A excepting those exchanged with
50 mM salt concentration or PS, showed significantly
higher zeta potential than those in process B. This may
be attributed to the variations of surface charge aris-
ing from different pH conditions. In terms of EE, LNPs
formed by process A showed significantly lower EE than
those formed by process B when the pH was 4 (79% vs.
94%, p<0.0001), the salt concentration was 50 mM (83%
vs. 94%, p<0.001), or the salt type was PS (83% vs. 93%,
p<0.001). Under other conditions, no significant differ-
ences were observed.
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We then examined how the pH, salt type, and salt
concentration affected the physicochemical properties
of LNPs in each process. The relationship between pH,
salt type, concentration, and physicochemical properties
in process A was analyzed (Fig. 3D and Figure S3B). We
found that the pH of the exchange solutions was asso-
ciated with all the tested physicochemical properties
(Fig. 3D), except for zeta potential (R*> = 0.16, p=0.27,

Fig. 3H). As shown in Fig. 3E, particle size exhibited a
strong negative correlation with pH (R = 0.66, p =0.008).
When the pH was 4, the particle size was around 100 nm,
which decreased to approximately 80 nm at pH=5 and
6. These results could be related to the different par-
ticle structures formed under various pH conditions, as
reported previously [35]. Furthermore, EE decreased as
the acidity of the exchange solution increased (Fig. 3F).
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At pH =4, the EE was 14.8% lower compared to pH=6. In
addition, the PDI decreased from 0.15 to 0.05 as the pH
dropped from 5 or 6 to 4 (Fig. 3G). In contrast, the type
and concentration of salt in the exchange solutions had
no significant impact on the physicochemical properties
of LNPs (Fig. 3D and Figure S3B).

At the cellular expression level, pH was a critical fac-
tor. A negative correlation between pH and cellular
expression was observed in DC2.4, AML12 and C2C12
cells (Fig. 3D, Figure S3D and S3E), with higher cellular
expression seen when the pH was 4 or 5 (Fig. 3 and ] and
Figure S3E). Notably, DC2.4 cells were the most sensitive
model among the three cell lines. Besides pH, the lucifer-
ase signal in DC2.4 cells was also significantly influenced
by particle size and EE (Fig. 3D and K), which the lucif-
erase expression in DC2.4 was elevated with the increas-
ing of size (R?=0.86, p=0.0003) and decreasing of EE
(R*=0.8, p=0.0012). Comparing with pH, other factors
of exchange solutions such as salt type, concentration
showed limited effect on the cellular expression of LNPs
in both cells (Figure S3C).

In process B, there was no significant correlation
between the exchange solutions and the physicochemical
properties or cellular expression of LNPs (Fig. 3L and M).
Except for C2C12, the luciferase signal was only influ-
enced by salt type rather than pH and salt concentration
(Figure S3@G). The highest expression in C2C12 cells was
observed when PS was used as the salt which was 50%
higher than CS as the salt (Figure S3F and S3G). More-
over, the pH, salt type, and concentration showed limited
effects on the expression of LNPs in the three cell lines
(Figure S3E-I).

Based on these findings, exchange solution with 10
mM PS showed relatively higher protein expression and
was selected as the preferred exchange solution for fur-
ther studies.

The effect of storage solutions on physicochemical
properties and transfection of LNPs
Finally, we examined whether the physicochemical prop-
erties and cellular expression of LNPs were influenced
by the storage solution (Fig. 4A). Specifically, we inves-
tigated the effect of salt type (Tris, HEPES, PBS), salt
concentration (10, 20, 30 mM), and sucrose content
(0, 150, 300 mM) of the storage solution (Table S6) on
LNPs. The specific compositions and the physicochemi-
cal properties of each group were listed in Table S6. The
data revealed that the storage solutions had no signifi-
cant effect on the physicochemical properties of LNPs
(Fig. 4C). The size of LNPs ranged from 79.5 to 99.6 nm,
with near-neutral zeta potential, and EE ranged from 80.1
to 91.7% (Table S6).

Next, we evaluated the impact of the storage solu-
tions on cellular expression. In DC2.4 cells, a positive
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correlation was observed between sucrose content and
expression, with the highest LNP expression at 300 mM
sucrose concentration, as shown in Fig. 4C and D. When
the sucrose content increased from 0 to 300 mM, the
luciferase signal increased by 31%. In contrast, the type
and concentration of salt had no significant effect on
expression (Fig. 4E). In AMLI12 cells, however, only the
type of salt influenced expression, with lower cellular
expression observed when HEPES was used compared to
PBS and Tris (Figure S4A). Additionally, it was intrigu-
ing to note that EE was negatively correlated with cellular
expression in AML12 cells (Fig. 4F). This could be due to
relatively low EE promoting the release of mRNA from
LNPs, thereby facilitating expression. Moreover, the type
of storage solutions had no effect on the expression of
LNPs in C2C12 cell line (Figure S4B).

mRNA-based drugs are unstable under vigorous shak-
ing and long-term storage in solution form [47, 48], and
as a result, mRNA drugs are typically preserved and
transported after freezing or lyophilization. Addition-
ally, under frozen condition, mRNA degradation occurs
more slowly. However, the freeze-thaw process may dis-
rupt the stability of mRNA/LNP formulations, leading
to significant changes in their physicochemical prop-
erties and reduced expression both in vitro and in vivo
[34]. Published studies had indicated that the storage
solutions significantly impacted the freeze-thaw stabil-
ity of mRNA/LNP drugs [40]. Therefore, we investigated
the effect of different storage solutions on the stability of
mRNA/LNP during the freeze-thaw process, providing
a foundation for the storage condition of mRNA-based
drugs (Fig. 4G-J).

We found that sucrose concentration significantly
influenced both the changes in physicochemical prop-
erties and cellular expression of LNPs after the freeze-
thaw process (Fig. 4K and N). Specifically, LNPs without
sucrose protection tended to aggregate, forming larger
particles and leaking mRNA, which decreased the EE
after freeze-thaw (Fig. 4K and L). After freezing, LNPs in
the 0% sucrose group experienced a 300% increase in size
and a 20% decrease in EE. In contrast, when the sucrose
concentration was increased to 150 mM or 300 mM, no
significant changes in particle size or EE were observed
(Fig. 4K and L).

Furthermore, sucrose concentration affected the
expression of LNPs in DC2.4 cells after freeze-thaw, with
the change in expression inversely proportional to the
sucrose concentration (Fig. 4C and M). This phenom-
enon was not observed in AMLI12 cells, which could be
related to cell-specific factors (Fig. 4N). Additionally, the
type and concentration of salt in the storage solutions
had no significant impact on particle size, EE, or cellu-
lar expression of LNPs before or after freeze-thaw (Figure
S4C-F).
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In this study, similar to previous reports [34], sucrose
was identified as a critical factor influencing the stability
of mRNA/LNPs. Although mRNA/LNPs without sucrose
exhibited significant changes in size and EE, cell expres-
sion improvement was observed in DC2.4 cell lines. This
could be attributed to the preference of DCs for phago-
cytosing the aggregates [49]. Based on these findings, a
sucrose concentration of 300 mM was chosen for better
freeze-thaw stability. Tris was selected as salt species,
because it could provide additional protection for ioniz-
able lipids [33] and showed no significant difference com-
pared to other salts. The salt concentration was set to 20
mM to align with commercial formulations.

The impact of integrated Preparation solutions on
physicochemical properties and transfection of LNPs

After systematically evaluating the individual effects of
various preparation solutions on the physicochemical
properties and transfection efficiency of mRNA/LNPs,
we observed several intriguing phenomena. However,
these findings were derived under conditions where
other preparation solutions remained constant, raising
the question of whether these results would persist when
multiple preparation parameters were simultaneously
varied. Additionally, certain results from earlier experi-
ments exhibited limitations in parameter ranges, which
could compromise the robustness of the conclusions.
To address these uncertainties, we integrated the opti-
mized preparation conditions based on the performance
of physicochemical properties and in vitro transfection
efficiency, and subsequently redesigned the prepara-
tion process (Fig. 5A, Table S7). Given the demonstrated
benefits of pH 4 mRNA solutions, we selected a range
of pH 4 mRNA solutions, varying in salt concentra-
tions (10, 25, 50, 100 mM) and salt types (CS, CS + NaCl,
AS, AS+NaCl), as candidates for further evaluation.
Although no significant differences were observed in the
dilution solution, we expanded the screening scope by
incorporating diverse salt species (PS, CS, AS, Tris), salt
concentrations (10, 25, 50 mM), and pH levels (4, 5, 6, 7)
to ensure comprehensive coverage.

Furthermore, based on preliminary findings indicating
that the pH of the exchange solution significantly influ-
enced mRNA/LNP formation, we narrowed the screen-
ing parameters to confirm this observation by designing
exchange solutions with pH 4, 5, 6, and 7 PS. Lastly, while
300 mM sucrose was identified as a critical component
for stabilizing mRNA/LNPs during freeze-thaw cycle,
the potential interaction between sucrose and other
excipients in the storage solution remained unexplored.
To address this, we combined 300 mM sucrose with Tris
solutions of varying pH levels to further assess the influ-
ence of storage solution composition on mRNA/LNP
stability and performance. As a control, we employed
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commonly used preparation conditions, where 10 mM
CS (pH 4) served as the mRNA aqueous solution, and
PBS was used for dilution, exchange, and storage. We
investigated the physicochemical properties, in vitro
transfection efficiency (Fig. 5B and Figure S5A), and in
vivo expression (Fig. 5C, D and G) of LNPs formed by dif-
ferent solutions and analyzed their correlation (Fig. 6A).

In terms of physicochemical properties, the hydro-
dynamic diameter of these LNPs ranged from 93.0 to
122.6 nm, with a PDI between 0.05 and 0.19, zeta poten-
tial ranging from 0.4 to 2.7 mV, and EE ranging from 93.5
to 97.4%, which were higher than those of the control
group (EE =88.2%, Table S7). Then we analyzed the cor-
relation between physicochemical properties of LNPs
and factors of solutions. Figure 6A and B showed that
the pH of the exchange solution was the most critical
factor, showing a positive relationship with PDI and EE
(p=0.04). However, the type and concentration of salt in
the mRNA aqueous solution, as well as the addition of
sodium chloride, had no effect on the particle size, PDI,
or EE of LNPs (Figure S5B), except when the salt type was
CS, in which case the EE decreased by 6% compared to
when AS was used. The salt concentration in the diluent,
exchange solution and storage solution had no impact
on the physicochemical properties of LNPs (data not
showed).

Regarding cellular expression, the control group dem-
onstrated relatively better performance in all cell lines,
particularly in AML12 and C2C12, in which the control
group exhibited the highest luciferase expression (Fig. 5B
and Figure S5A). In DC2.4 cells, only E1, E5, E6, and E16
showed comparable luciferase expression to the control
group (Fig. 5B). However, we did not find any obviously
correlation between factors of solutions and cellular
expression as showed in Fig. 6A.

Subsequently, we investigated the expression of dif-
ferent LNPs in mice after i.v. or i.m. injection. We found
that, with the same lipid formulation, altering the solu-
tions used during the LNP preparation process could sig-
nificantly impact the expression intensity in mice (Fig. 5C
and D-G). After iv. injection, E4, E7, E8, and E10 exhib-
ited comparable expression to the control group, while
El, E6, E9, and E16 groups demonstrated significantly
decreased luciferase signals (Fig. 5D).

Regarding i.m. administration, the results of luciferase
expression differed considerably from those observed
with i.v. administration. For luciferase signal at the injec-
tion site, groups E1, E2, E5, and E6 exhibited significantly
lower expression compared to the control group (Fig. 5E).
In terms of luciferase expression at liver after i.m. injec-
tion, all groups except E10 showed significantly lower
luciferase expression than the control group (Fig. 5F).
Consequently, most experimental groups, except E15,
had significantly lower biodistribution outside the
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Fig. 5 The effect of different combined solutions on mMRNA/LNP. (A) Schematic of the LNP preparation method with different integrated solutions. (B)
Transfection efficiency of mRNA/LNP in DC2.4 and AML12 cells. (C) Bioluminescent images and quantification of mice 6 h after i.v. (upper panel) and im.
injection (lower panel) with Luc mRNA/LNP (5 ug mRNA per mouse) by the IVIS imaging system. (D) Quantitively analyzing the luciferase signal in mice
after i.v. injection. Quantitively analyzing the luciferase signal at injection site (E), liver (F) and the ratio between liver and injection site (G) after i.m. injec-

tion. Data was presented as mean +SD. *p <0.05, **p < 0.01, ***p < 0.001, ****» < 0.0001
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injection site after i.m. administration (Fig. 5G). These
findings indicated that the solutions used to form LNPs
not only affected their physicochemical properties and in
vitro transfection efficiency but also influenced protein
translation in vivo.

Next, we analyzed which factors of the preparation
solutions could affect the expression of LNPs in vivo. The
data showed that increasing the pH of the exchange solu-
tion enhanced mRNA expression at liver, regardless of
whether the administration through i.v. (»p=0.008) or i.m.
(p=0.0015) (Fig. 6C). However, the mRNA aqueous solu-
tion, dilution, exchange solution and storage solution had
no significant effect on in vivo expression (Figure S5C-E).
Moreover, there was a strong correlation between protein
expression at the injection site and that at liver, with a
p-value of 0.017 after i.m. injection (Fig. 6D).

Additionally, we found that the expression of LNPs
in AML12 cells in vitro was highly consistent with

that observed at liver after i.v. administration in vivo
(p=0.048, Fig. 6E), suggesting that AML12 cells could be
used to predict LNP expression in vivo.

The stability of LNPs formed with different solutions after
freeze-thaw

Subsequently, the stability of LNPs prepared using dif-
ferent preparation solutions was evaluated under freeze-
thaw stress. We found that the size of the control group,
which lacked sucrose protection, increased more than 10
times after freeze-thaw (Fig. 7A). In contrast, the size of
some LNPs dispersed in a Tris/sucrose solution changed
by less than 25% compared to the initial size, with the
exception of E4, E7, and E13 (Fig. 7A), which could be
related to the pH of the exchange solution (Fig. 7E).
Additionally, most of the changes of EE were below 10%,
except for E5 (12.0%), E6 (14.3%), E8 (11.2%), and the
control group (17.6%) (Fig. 7B).
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Next, expression changes in vitro were evaluated to
assess the resistance of LNPs to the freeze-thaw process.
To our surprise, although the physicochemical changes
of most LNPs met the acceptable criteria, more than 25%
of transfection reduction was observed in both DC2.4
and AML12 cells, except for E11, E13, and E15 (Fig. 7C
and D). Furthermore, we found that the change ratio
of expression in AML12 and DC2.4 cells was positively
correlated with the change ratio of EE (Fig. 7F and G).
Among the different LNP formulations, LNP E15 exhib-
ited the best stability.

We then sought to determine why LNPs with the
same lipid composition but different preparation solu-
tions exhibited varying physicochemical properties and
expression profiles in vitro and in vivo. We hypothesized
that different preparation solutions may impact the
structure of LNPs, subsequently influencing their per-
formance. To test this hypothesis, samples from E1, E7,
E9, E15, and the control group — chosen for their dis-
tinct performance — were further characterized using
cryo-TEM. As shown in Fig. 7H, the structure of LNPs
from different preparation conditions varied significantly.
For example, particles from the control group exhibited
nearly 10% of bleb structures (5.7% of particles with blebs
occupying more than one-third of the LNP volume, and
4.4% of particles with blebs occupying less than one-third
of the LNP volume). In addition to the bleb structure, a
notable number of empty LNPs smaller than 30 nm were
observed in the E1 group. Furthermore, a higher propor-
tion (>50%) of LNPs carrying blebs was observed in the
E7 group compared to other groups. Although particles
from the E9 and E15 groups exhibited a more homoge-
neous structure than those from E1, E7, and the control
group, the shape and internal features of the LNPs from
El and E7 require further investigation to understand
the differences. The structural differences between the
LNPs may partially explain the varied performance of
LNPs prepared under different conditions, but additional
experiments are needed to verify this hypothesis.

Discussion

LNPs have emerged as a cornerstone in the development
of mRNA-based therapeutics, yet the role of prepara-
tion solutions in determining their performance remains
underexplored. This study systematically investigated
the influence of various preparation solutions—mRNA
aqueous, dilution, exchange, and storage solutions—on
the physicochemical properties, stability, and expression
efficiency of SM102-based mRNA/LNPs. The findings
revealed that the pH of the mRNA aqueous solution is
a critical factor, with a pH of 4 optimizing EE and cellu-
lar expression. The exchange solution’s pH significantly
influenced biodistribution, particularly liver-specific
expression following i.v. and i.m. administration. Sucrose
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was identified as essential for freeze-thaw stability, with
a 300 mM concentration minimizing aggregation and
mRNA leakage. Furthermore, the preparation solutions
were shown to influence the structural integrity of LNPs,
impacting their in vivo and in vitro performance.

To our surprise, the preparation solution not only sig-
nificantly impact the physicochemical properties of LNP,
but also the in vitro and in vivo performance. Individu-
ally, the pH of the mRNA aqueous solution had a more
significant effect on LNP encapsulation and cellular
expression than species of salt in mRNA aqueous solu-
tion (Fig. 1C). A pH of 4 was optimal, enhancing encap-
sulation and ensuring uniform particle formation. The
findings align with prior studies highlighting the impor-
tance of pH in governing electrostatic interactions
between mRNA and ionizable lipids [35].

Furthermore, neither the pH nor the type of diluent salt
significantly affected the physicochemical properties or
in vitro potency of the LNPs. This observation contrasts
with prior research. Geng et al. found that LNPs diluted
with a pH 4.0 buffer containing citric acid and sodium
chloride, followed by an additional pH 7.6 buffer (com-
prising 20 mM Tris, 10.7 mM sodium acetate, and 8.7%
sucrose), exhibited larger size and higher cellular expres-
sion compared to LNPs diluted directly with the pH 7.6
buffer [45]. This discrepancy may be attributed to differ-
ences in the purification processes. In the previous study,
a tangential flow filtration process was used to purify the
LNPs, whereas we employed an ultrafiltration method.
The centrifugal forces during ultrafiltration could have
induced slight aggregation of the LNPs, which may con-
tribute to the improved cellular expression observed in
pH 7 diluent in our study. Additionally, the use of a dif-
ferent salt solution in our study compared to the prior
research could also explain potential variations in the
results [50].

Moreover, the pH of the exchange solution showed a
significant correlation with liver-specific expression fol-
lowing both iv. and im. administration (Fig. 6C), high-
lighting its critical role in optimizing biodistribution
profiles for targeted therapies. Although the final LNPs
prepared with different exchange solutions exhibited
similar physicochemical properties (Table S7), our study
found that before the LNP solution was transferred to
the final storage solution, incubation with exchange solu-
tions of varying pH could lead to differences in particle
physicochemical property and structure. These structural
variations may influence the translation ability, a phe-
nomenon observed in both our study (Figs. 3C and 7H)
and previous reports [35]. In addition, PS promoted cell
expression than CS and AS in C2C12 cell lines (Figure
S3G), which could be related to phosphate salt promote
the expression as reported previously.
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Lastly, sucrose was identified as a crucial component in
storage solutions, providing essential protection against
freeze-thaw-induced aggregation and mRNA leakage.
LNPs stored in solutions containing 300 mM sucrose
exhibited superior stability and maintained high transfec-
tion efficiency, highlighting the importance of cryopro-
tectants in preserving LNP integrity during long-term
storage, consistent with previous studies [34]. Interest-
ingly, when we combined different preparation solutions
in a single study, we found that only a few groups exhib-
ited resistance to freeze-thaw stress, despite all LNPs
being stored with 300 mM sucrose (Fig. 7A and D). This
suggests that the preparation solution may also impact
LNP stability, even with the protective effect of sucrose.
Additionally, no significant differences in physicochemi-
cal properties or cell expression were observed in LNPs
dispersed in PBS or Tris (Fig. 4E, S4D, S4F), which may
partially explain the rationale behind the transition of
BNT162b2 from an initial PBS formulation to Tris.

In the broader context, these results have significant
implications for the design of mRNA-based therapeu-
tics. By elucidating how preparation conditions influ-
ence biodistribution and stability, this study offers a novel
perspective for optimizing LNP formulations for specific
clinical applications. For example, the observed effect of
exchange solution pH on liver-specific expression could
be utilized to enhance the efficacy of mRNA therapeu-
tics targeting hepatic diseases or reduce the off-target
effect of mRNA therapeutics applied locally. Similarly,
the improved in vitro expression achieved by altering the
preparation solution provides a novel approach for uti-
lizing mRNA therapies to reprogram mRNA-based cell
therapies. While the conclusions of this study are some-
what limited due to the specific LNP model, preparation
methods, salt species, cell models, and administration
routes examined, we hope that these findings offer valu-
able insights for researchers aiming to optimize buffer
solutions during mRNA/LNP development.

Conclusion

This study demonstrates that preparation solutions play
a pivotal role in shaping the physicochemical proper-
ties, stability, and expression efficiency of SM102-based
mRNA/LNPs. Among the factors examined, the pH of
the mRNA aqueous solution emerged as the most criti-
cal determinant of EE and cellular expression, with a pH
of 4 proving optimal. Similarly, the pH of the exchange
solution was crucial for controlling biodistribution and
liver-specific expression following i.v. and i.m. admin-
istration. The incorporation of 300 mM sucrose in stor-
age solutions was shown to provide robust freeze-thaw
stability, ensuring particle integrity and functional effi-
cacy. Notably, variations in preparation solutions influ-
enced the structural properties of LNPs, suggesting that
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preparation parameters significantly impact therapeutic
performance. While the study provides valuable insights
into optimizing mRNA/LNP formulations, further inves-
tigations are needed to generalize findings across differ-
ent LNP systems and address long-term storage stability.
These findings contribute to the rational design of LNP
formulations, advancing their development for diverse
clinical applications.
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