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Abstract
Introduction  Lyophilization is a promising strategy to enhance the long-term stability of messenger RNA lipid nanoparti-
cles (mRNA-LNPs). However, lyophilization-induced stresses can impact product quality and the underlying mechanisms 
remain poorly understood. In this study, we systematically investigated stresses that arise during the freezing step, during 
the initial stage of the lyophilization process.
Methods  We examined the impact of different freezing protocols (freezing at 0.1, 0.5, and 1.5 K/min, plus controlled nuclea-
tion at -10°C) on mRNA-LNP stability. We also explored formulation strategies to mitigate freezing stress: (A) increasing 
mRNA-LNP concentration or adding empty LNPs to induce colloidal crowding, (B) adding Poloxamer 188 to reduce inter-
facial stress, (C) incorporating sucrose within LNPs to protect mRNA and reduce osmotic stress, and (D) adding NaCl or 
L-Methionine to modulate mRNA-lipid interactions. We evaluated particle size, polydispersity index, encapsulation efficiency 
(EE), mRNA integrity, and eGFP expression in HeLa cells.
Results  Faster freezing minimized LNPS particle size increase by trend but reduced EE. Controlled nucleation improved EE 
but increased LNP particle size. However, eGFP expression was more influenced by particle size than EE.
Conclusion  These findings provide a mechanistic understanding of how freezing-induced stresses affect mRNA–LNP qual-
ity. We hypothesize that cryo-concentration caused by slow freezing leads to increasing size of LNP particles, while higher 
ice-liquid interfacial stress caused by fast freezing reduces EE. As these effects follow opposing trends, optimizing freezing 
conditions is crucial. Understanding these mechanisms will guide rational formulation and lyophilization process design 
for mRNA-LNPs.
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Introduction

Lyophilization has been established as a suitable approach 
to improve the long-term stability of messenger RNA lipid 
nanoparticles (mRNA-LNPs), eliminating the need for stor-
age at frozen temperatures [1–3].

Although the final dry state of the lyophilizate stabilizes 
mRNA-LNPs, the lyophilization process itself including 

both freezing and drying processes generates various stress 
conditions and may impair product quality. While lyophiliza-
tion typically increases particle size, it also tends to reduce 
encapsulation efficiency (EE) [3–6]. On the other hand, it 
has been recently demonstrated by Fan and colleagues that 
specially changes in mRNA encapsulation and mRNA stabil-
ity, two cargo-related attributes, more significantly influence 
cellular translation efficiency than particle size changes. In 
detail, Fan et al. conducted a lyoprotectant and buffer screen-
ing to investigate the physicochemical and structural proper-
ties of lyophilized eGFP-mRNA-LNPs. Most formulations 
exhibited significant increased particle size, reduced EE, and 
changes in morphology [7]. However, it remains unclear, 
which specific stresses during the lyophilization process are 
responsible for these changes in particle characteristics.
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To protect both the LNP structure and the mRNA cargo, 
formulation excipients such as cryo- and lyoprotectants need 
to be carefully selected [6, 8, 9].

In 1993, Crowe et al. proposed the water replacement 
hypothesis, explaining how disaccharides like trehalose 
protect liposomes during drying. These sugars form hydro-
gen bonds with phospholipid head groups in place of water, 
maintaining the bilayer in a liquid crystalline state during 
drying and preventing phase transitions upon rehydration, 
thereby preserving membrane structure [10]. Another expla-
nation for stabilization during freezing is the vitrification 
theory, which suggests that particles are immobilized in an 
amorphous, highly viscous matrix with reduced molecular 
mobility, thereby limiting fusion and aggregation [11, 12]. 
However, the precise mechanism by which lyophilization 
stabilizes mRNA-LNPs remains currently unclear.

Several stress factors may affect mRNA-LNPs during 
lyophilization, particularly during the freezing step. First, 
the formation of ice and excipient crystals may damage 
liposomes. The presence of large crystals has been asso-
ciated with leakage [13]. Moreover, the size and number 
of ice crystals determine the interfacial area. Stress at ice-
liquid interfaces may lead to adsorption or structural dam-
age of colloidal systems [14], as previously described for 
proteins [15]. Freezing also induces cryo-concentration. 
As temperature decreases and ice crystals form, only pure 
water is incorporated into the hexagonal ice lattice. Solutes, 
such as sugars and buffer components, and nanoparticles 
are excluded and concentrate in the remaining unfrozen liq-
uid. This fraction becomes increasingly concentrated until 
it solidifies upon reaching the eutectic temperature or the 
glass transition temperature of the maximally freeze-concen-
trated solution. Cryo-concentration may increase the ionic 
strength and the osmotic pressure of the maximum freeze 
concentrate compared to the initial formulation. This effect 
is especially pronounced under slow cooling rates, where 
larger ice crystals may form [16]. Additional formulation-
dependent stress factors may include shifts in pH and liq-
uid–liquid phase separation. pH changes may occur if one 
buffer component crystallizes earlier than another, as in 
sodium phosphate buffer systems [17]. Liquid–liquid phase 
separation, observed in certain polymer mixtures such as 
PEG and dextran [18], is characterized by the presence of 
two distinct glass transition temperatures [14, 19].

Recent publications about lyophilization of mRNA-
LNPs have focused primarily on optimizing formulation 
composition by investigating various excipients to improve 
overall stability [5–8, 20]. In contrast, only a few studies 
have addressed the optimization of lyophilization pro-
cess parameters. A patent by Moderna, Inc. reported that 
a low residual moisture enhances their long-term stability. 
Although residual moisture below 0.5% was achieved using 
a secondary drying temperature of  40 °C, this condition led 

to reduced mRNA integrity. Unexpectedly, incorporating an 
annealing step prior to drying facilitated harsher second-
ary drying conditions without compromising mRNA integ-
rity, likely due to the formation of larger ice crystals [21]. 
To date, two publications have compared different freez-
ing condition for mRNA-LNPs. Meulewaeter et al. applied 
spin-freezing using both slow and fast cooling rates. Their 
supplementary data showed that a fast cooling rate preserved 
the enhanced green fluorescent protein (eGFP) mRNA-LNP 
better with higher eGFP-expression and better maintained 
polydispersity index (PDI) [5]. In another publication, Wang 
et al. compared freezing methods during lyophilization for 
monkeypox (mpox) mRNA-LNPs including liquid nitrogen, 
controlled nucleation (CoN) by vacuum-induced surface 
freezing, and conventional freezing at rates of 1 K/min and 
0.45 K/min. Cooling with liquid nitrogen and CoN resulted 
in fragmented cakes. Additionally, cooling with liquid nitro-
gen caused a strong increase in size and a decrease in EE, 
both with high variability. Best results were obtained using 
conventional freezing. The slower cooling rate of 0.45 K/
min yielded the smallest particle size and the highest EE 
after lyophilization of mpox mRNA-LNPs. Accordingly, a 
cooling rate of 0.45 K/min was employed in their subsequent 
experiments These experiments involved the investigation of 
additional process parameters and the execution of a long-
term stability study at  4 °C [3].

Despite these findings, there is still a lack of systematic 
understanding and optimization of the lyophilization pro-
cess for mRNA-LNPs. The specific impact of the freez-
ing step has not been thoroughly investigated, and many 
studies omit detailed process parameters, especially those 
related to freezing. In particular, the interaction between 
stress conditions during freezing and stabilizing formula-
tion excipients requires further investigation. Our aim was 
to gain a mechanistic understanding of how freezing-induced 
stresses affect mRNA–LNP characteristics, thereby provid-
ing insights to support process design and targeted formula-
tion development.

The present study investigated the impact of different 
freezing conditions during lyophilization on the stability of 
eGFP-mRNA-LNPs. We compared freezing at rates of 0.1, 
0.5, and 1.5 K/min with a cycle utilizing CoN at −10°C. For 
these experiments, we used an established formulation for 
mRNA-LNPs, which contained 10% (w/v) sucrose in Tris 
buffer [5, 6, 22, 23]. In addition, we explored various for-
mulation strategies to enhance mRNA-LNP stability during 
the freezing process. These included: (A) increasing mRNA-
LNP concentration or adding empty LNPs to improve sta-
bility via colloidal crowding, (B) adding Poloxamer 188 
as a surfactant to reduce interfacial stress, (C) incorporat-
ing sucrose within the LNPs to protect mRNA and reduce 
osmotic pressure, (D) adding NaCl or L-Methionine to the 
aqueous phase to influence interactions between mRNA and 



879Pharmaceutical Research (2026) 43:877–889	

ionizable lipid. To assess stability, we evaluated size, PDI, 
EE, mRNA integrity, and eGFP-expression in HeLa cells.

Materials and Methods

Preparation of LNPs

LNPs were prepared according to a protocol published 
recently by Ruppl et al. [6]. In brief, LNPs were prepared 
by T-mixing of the organic phase containing SM-102 (DC 
Chemicals, Shanghai, China), cholesterol (Sigma-Aldrich, 
St. Louis, USA), DSPC (Lipoid, Ludwigshafen, Germany), 
and DMG-PEG2000 (Avanti Polar Lipids, Birmingham, 
USA) in a molar ratio of 50: 38.5: 10: 1.5, and the aqueous 
phase containing CleanCap™ EGFP-mRNA (TriLink, San 
Diego, USA) or polyA (ABP Biosciences, Virginia, USA) 
dissolved in 50 mM citrate buffer pH 4.0. After mixing, 
LNPs were dialyzed into 20 mM Tris buffer pH 7.4. Formu-
lations are summarized in Table I. Excipients were added 
either to the aqueous phase (protectant/excipient inside) or 
after dialysis (protectant/excipients outside). Kolliphor P 
188 (Poloxamer 188) was from BASF, L-Methionine and 
sucrose from Pfanstiehl, and NaCl from Roth. Formula-
tions were filtered through 0.20 μm PVDF filters (Chroma-
fil, Faust, Klettgau, Germany), and 300 μL aliquots were 
filled into clear 2 mL vials (Schott, Müllheim, Germany) and 
partly closed with lyo stoppers (Datwyler Pharma Packag-
ing, Alken, Belgium) prior lyophilization.

To prepare formulation 4 (high concentrated mRNA-
LNPs), LNPs were concentrated after dialysis using Ami-
con® Ultra-4 Centrifugal Filter Devices (Merck, Darmstadt, 
Germany) at  4 °C and 3000 g. The same procedure was 
applied to empty LNPs, which were prepared by mixing cit-
rate buffer with the lipid-containing organic phase.

To confirm the lipid concentrations of both mRNA-LNPs 
and empty-LNPs, a reversed-phase high-performance liq-
uid chromatography method with charged-aerosol-detector, 

adapted from Bender et al. [24] and modified with a reduced 
flow rate of 1.8 mL/min, was used (data not shown). For 
formulation 5 (mRNA-LNPs + empty LNPs), empty LNPs 
were added until the total SM-102 concentration matched 
the one of formulation 4 (high concentrated mRNA-LNPs).

Lyophilization

Lyophilization was performed on a pilot freeze-dryer Epsi-
lon 2-6D (Christ, Osterode, Germany) equipped with a 
LyoCoN unit. Filled vials were placed onto the middle 
shelf and surrounded with placebo vials containing 10% 
sucrose in 20 mM Tris buffer. Vials were frozen to −45°C. 
Three cooling rates were examined: 0.1 K/min, 0.5 K/min, 
and 1.5 K/min. In an additional cycle, controlled nuclea-
tion was applied using an ice fog technique. To this end, 
the samples were equilibrated for 15 min at a shelf temper-
ature of −10°C. Subsequently, nucleation was induced at a 
vacuum of 10 mbar, with the shelf temperature decreased 
at a rate of 0.5 K/min before and after.

Shelves were held at −45°C for one hour prior primary 
drying, which was performed at 0.13 mbar and −20°C. Com-
parative pressure measurement (< 0.1% difference between 
Pirani and capacitance gauge) was used to determine the end 
of primary drying before increasing the temperature at a rate 
of 0.2 K/min to  25 °C for 5 h for secondary drying. After 
release of the vacuum, vials were stoppered at 750 mbar.

Lyophilized samples were reconstituted in 275 μL 
RNase-free water before analysis. Three vials per formu-
lation and freezing condition were analyzed unless other-
wise stated. Three vials from the same lyophilization cycle 
were analyzed as triplicate.

Dynamic Light Scattering

Dynamic light scattering was used to determine size and PDI 
of LNPs. Measurements were performed using a Zetasizer 

Table I   Formulation Compositions used to Investigate Freezing-Conditions. *Also Referred to as Standard Formulation

Formu-
lation 
No

Abbreviation Cargo ceGFP-mRNA 
(μg/mL)

Protectant 
(% w/v) 
inside

Protectant 
(% w/v)
outside

Additional excipient inside Additional excipient outside

1 mRNA* eGFP-mRNA 20 - 10% sucrose - -
2 mRNA Suc eGFP-mRNA 20 10% sucrose 10% sucrose - -
3 polyA polyA 20 - 10% sucrose - -
4 high conc eGFP-mRNA 100 - 10% sucrose - -
5 + empty LNPs eGFP-mRNA 20 - 10% sucrose - empty LNPs
6 Poloxamer eGFP-mRNA 20 - 10% sucrose - 0.05% Poloxamer 188
7 NaCl inside eGFP-mRNA 20 - 10% sucrose 50 mM NaCl -
8 L-Met inside eGFP-mRNA 20 - 10% sucrose 50 mM L-Methionine -
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Nano ZS (Malvern Panalytical, Kassel, Germany). Sam-
ples were diluted 1:8 in 20 mM Tris buffer containing 10% 
(w/v) sucrose and equilibrated for 120 s at 25°C. Detection 
occurred at 173° backscattering with automatic attenuation 
and triplicates were performed consisting of 10 runs of 10 s.

RiboGreen Assay

Encapsulation efficiency (EE) of LNPs was determined 
in technical duplicates using Quant-iT RiboGreen Assay 
(ThermoFisher) and black 96-well plates (Greiner bio one, 
Frickenhausen, Germany) as described by Ruppl et al. [25]. 
Briefly, LNPs were diluted using either TE buffer or 2% 
(v/v) Ecosurf solution. Subsequently, 100 μL of RiboGreen 
reagent, diluted 1:400, was added to each well. Following 
a 5-min incubation protected from light, fluorescence was 
measured using a microplate reader (FLx800, BioTek, Ver-
mont, USA) with an excitation wavelength of 485 nm and 
an emission wavelength of 528 nm. EE was determined by 
calculating the proportion of encapsulated nucleic acid rela-
tive to the total nucleic acid content.

Capillary Gel Electrophoresis (CGE)

Analysis was carried out using a SCIEX PA800 Plus system 
(Brea; USA) equipped with a solid-state laser with an excita-
tion wavelength of 488 nm and a 520 nm bandpass emission 
filter (Cat. no. 65–699) from Edmund Optics (Barrington; 
USA), a 30 kV power supply and a temperature-controlled 
autosampler (±   2 °C). LNP samples were purified follow-
ing the instructions from the Gene Jet RNA purification kit 
(Thermo K0731). Before injection, the sample was heated 
at   70 °C for 2 min followed by 5 min in ice. The separation 
gel buffer consisted of 2% PVP, 4 M Urea in 1xTBE solu-
tion with 1:25,000 diluted SYBR Green II. A bare fused 
silica capillary with a 50 μm internal diameter and 30 cm 
effective length was used for the separation (Cat. No. TSP-
050375, Polymicro Technologies/Molex LLC). The separa-
tion voltage was 6 kV using reverse polarity. The samples 
were injected by applying –4 kV during 2–6 s. Capillary 
temperature was set to   25 °C and  10 °C was used for 
the autosampler. Data were acquired and analyzed using 
Empower software.

Cell Culture and Flow Cytometry

HeLa cells were cultured and seeded according to the protocol 
described by Ruppl et al. [25]. In brief, 60,000 cells/well were 
seeded in 24-well plates with 1 mL of culture medium. After 
24 h, a defined volume of LNPs was added to achieve a final 
concentration of 0.5 μg/mL encapsulated mRNA, based on the 
liquid formulation before lyophilization. The applied volume 
was not adjusted for variations in EE. Untreated cells served as 

a negative control, while Lipofectamine 2000 (Thermo Fisher 
Scientific) was used as a positive control. Following a 24-h 
incubation, cells were analyzed via flow cytometry to evaluate 
mRNA-mediated eGFP expression in HeLa cells.

Measurements were performed in technical triplicates using 
a BD LSRFortessa system (Heidelberg, Germany). A total of 
10,000 events within the “live cell gate” (SSC-A/FSC-A) were 
recorded, followed by doublet exclusion using FSC-H/FSC-A. 
Data were reported as the median fluorescence intensity (MFI) 
of the single-cell population.

Physico‑Chemical Properties

pH and osmolality were measured using an InLab Micro elec-
trode (Mettler Toledo) and a semi-micro osmometer K 7400 
(Knauer, Berlin, Germany).

Karl‑Fischer Titration

Residual moisture content of the lyophilizates was quantified 
in triplicate using volumetric Karl Fischer titration on a 915 
KF Ti-Touch instrument (Metrohm, Herisau, Switzerland). 
Samples were dissolved in anhydrous methanol (Merck, 
Darmstadt, Germany). The methanol suspension was drawn 
up with a syringe and injected into the titration vessel contain-
ing Aquastar® solvent (Merck). Titration was carried out using 
Hydranal Titrant 2 (Honeywell, Seelze, Germany).

Cake Appearance

Cake appearance was assessed by visual inspection, and rep-
resentative images were captured against a dark background.

Statistical Analysis

All data are expressed as mean ± standard deviation. Statistical 
analyses were performed using GraphPad Prism 10. Differ-
ences between groups (e.g. freezing conditions, formulations, 
liquid/lyophilized) were analyzed using a two-way ANOVA 
with Tukey’s multiple comparisons test. The following ter-
minology was used: * p < 0.05; ** p < 0.01; ***p < 0.001; 
****p < 0.0001; n.s. not significant p > 0.05.

Results

Impact of Freezing‑Rate and Controlled Nucleation

To investigate the influence of the freezing step during lyo-
philization of LNPs, we tested eGFP-mRNA- and polyA-
LNPs using freezing protocols at 0.1 K/min, 0.5 K/min, 
and 1.5 K/min, respectively. A fourth cycle employed 
controlled nucleation induced by an ice fog technique at 
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a nucleation temperature of –10°C. All LNPs were for-
mulated with 10% (w/v) sucrose in 20 mM Tris buffer 
pH 7.4. The first formulation contained eGFP-mRNA 
(labeled “mRNA” in graphs). The second formulation con-
tained eGFP-mRNA but included an additional 10% (w/v) 
sucrose added to the aqueous phase prior to the mixing 
step (labeled “mRNA Suc” in graphs). The third formu-
lation used polyA as a surrogate for mRNA, a common 
approach during technical development.

The nucleation temperatures in the cycles without CoN 
ranged from −  19 °C to −  13 °C across all cooling rates. Freez-
ing times were reported for the formulations of 9 ± 3 min at 0.1 
K/min, 4 ± 1 min at 0.5 K/min, and 3 ± 0 min at 1.5 K/min.

A similar trend was observed for stress time, the interval 
from nucleation until reaching the glass transition temper-
ature (Tg') of the maximally freeze-concentrated solution 
(–32°C for sucrose). This was approximately 2–3 h at 0.1 K/
min, 26 ± 4 min at 0.5 K/min, and 10 ± 2 min at 1.5 K/min.

For CoN, freezing time was 11 min and stress time 
56 min.

We evaluated the cake appearance and residual moisture 
of the lyophilizates. Samples prepared with the different 
cooling rates produced intact cakes with little shrinkage, 
while lyophilizates from the CoN cycle showed homogenous 
cake appearance without any defects (Tab. S-1). The use of 
CoN resulted in lower residual moisture compared to con-
ventional freezing (Fig. S-1).

We measured particle size, PDI, and EE in the liquid for-
mulation and after reconstitution of lyophilized samples with 
RNase-free water (Fig. 1).

The LNP formulations showed an increase in particle size 
following lyophilization. During conventional freezing, both 

eGFP mRNA formulations exhibited an average increase 
of approximately 50 nm, while the polyA-LNPs showed 
an increase of about 35 nm. Differences between cooling 
rates were not statistically significant for any formulations 
but a trend for slightly stronger increase in size with slower 
freezing was visible. However, inducing ice nucleation 
(CoN) at −10°C led to a more pronounced size increase in 
both eGFP-mRNA-containing formulations, while the size 
increase in polyA-LNPs remained comparable. The PDI 
remained stable regardless of lyophilization condition.

EE values in the liquid state were similar across all formula-
tions. However, following lyophilization, EE decreased, with 
a stronger decline observed for the eGFP mRNA-containing 
LNPs compared to those with polyA, where changes were only 
little and not significant between freezing conditions. The most 
substantial EE losses occurred with increasing cooling rates to 
0.5 K/min and 1.5 K/min. Conversely, the slowest rate (0.1 K/
min) preserved EE better, and the highest EE for mRNA-LNPs 
after lyophilization was observed with CoN.

Next, we assessed mRNA integrity using CGE (Fig. 2). 
Although mRNA integrity declined after lyophilization, 
statistical analysis via two-way ANOVA revealed no sig-
nificant differences among the freezing conditions.

To evaluate the impact of freezing-conditions in vitro, we 
measured eGFP expression in HeLa cells using flow cytom-
etry (Fig. 3). The same LNP volume was applied across 
samples without correcting for EE. While MFI decreased 
after lyophilization for all freezing conditions and formula-
tions, the mRNA formulation without internal sucrose and a 
freezing protocol at 0.1 K/min resulted in significantly lower 
MFI compared to 1.5 K/min. In contrast, when sucrose was 
added prior to mixing, no significant differences in MFI 

Fig. 1   LNP characteristics 
(size, PDI, and EE) of the liquid 
formulation and after lyophili-
zation with freezing protocols 
at 0.1 K/min, 0.5 K/min, or 
1.5 K/min or using controlled 
nucleation (CoN) comparing 
eGFP-mRNA-LNPs formu-
lated with 10% sucrose outside 
(mRNA), eGFP-mRNA-LNPs 
formulated with 10% sucrose 
inside and outside (mRNA Suc), 
and polyA-LNPs formulated 
with 10% sucrose outside 
(polyA). Statistical analysis was 
performed separately for size, 
PDI, and EE using a two-way 
ANOVA with Tukey’s multiple 
comparisons test. The meas-
urements were executed in 
triplicate, with three vials being 
analyzed for each lyophiliza-
tion cycle. n.s. not significant 
p > 0.05.



882	 Pharmaceutical Research (2026) 43:877–889

Fig. 2   mRNA integrity deter-
mined by capillary electropho-
resis of the liquid formulation 
and after lyophilization with 
freezing protocols of 0.1 K/
min, 0.5 K/min, or 1.5 K/min 
or using controlled nucleation 
(CoN) for eGFP-mRNA-LNPs 
formulated with 10% sucrose 
outside (mRNA) and eGFP-
mRNA-LNPs formulated with 
10% sucrose inside and outside 
(mRNA Suc). Statistical analy-
sis was performed using a two-
way ANOVA showing that there 
are no significant variations 
between freezing-conditions or 
addition of sucrose inside the 
LNPs. The measurements for 
the lyophilized samples were 
executed in triplicate, with 
three vials being analyzed for 
each lyophilization cycle. The 
liquid samples are only a single 
measurement

Fig. 3   eGFP-expression in 
HeLa cells reported as median 
fluorescence intensity. eGFP-
mRNA-LNPs formulated with 
10% sucrose outside (mRNA) 
and eGFP-mRNA-LNPs formu-
lated with 10% sucrose inside 
and outside (mRNA Suc) were 
investigated as liquid formula-
tion (liq) compared to the recon-
stituted samples after lyophili-
zation using freezing protocols 
of 0.1 K/min, 0.5 K/min, or 
1.5 K/min or using controlled 
nucleation (CoN). Statistical 
analysis was performed using a 
two-way ANOVA with Tukey’s 
multiple comparisons test. The 
measurements were executed in 
triplicate, with three vials being 
analyzed for each lyophiliza-
tion cycle. ***p < 0.001; 
****p < 0.0001; n.s. not signifi-
cant p > 0.05.
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were observed among the cooling rates. For both formula-
tions, CoN resulted in significantly lower MFI than conven-
tional freezing.

In summary, PDI was not affected by lyophilization, 
while particle size increased, particularly in samples 
processed with CoN. The cooling rate had no significant 
effect on size, and mRNA integrity was not influenced by 
the freezing condition. The most notable differences were 
observed in EE, which was best preserved with CoN and 
decreased most with conventional freezing at 0.5 K/min 
and 1.5 K/min as studied for eGFP mRNA formulations. 
Interestingly, the differences in EE were not reflected in 
eGFP expression. Rather, MFI appeared to be inversely 
correlated with particle size, meaning the smaller the par-
ticle size, the higher the MFI.

Formulation Strategies

Based on the results described above, we proceeded with 
further experiments using eGFP-mRNA-LNPs using a 

freezing protocol at 1.5 K/min, as this produced the strong-
est drop in EE. Various formulation strategies were tested 
alongside our standard formulation, which contained 10% 
(w/v) sucrose and 20 µg/mL mRNA (Fig. 4). No difference 
in pH (6.9–7.2) and osmolality (366–390 mOsmol/kg) was 
measured for the tested formulations.

(A)	 Colloidal Crowding
	   The common assumption is that dilution increases 

the colloidal stability of particles because the likeli-
hood of collision is reduced. Davari and colleagues 
have recently presented that the addition of empty 
LNPs mitigates the negative effects of freeze/thaw 
cycles and lyophilization on mRNA-LNPs by colloi-
dal crowding [26]. When nanoparticles are crowded 
together, their surfaces are more likely to be surrounded 
by similar particles, reducing the exposure of individ-
ual particle surfaces.

	   To investigate colloidal crowding for LNPs, we 
examined the impact of eGFP mRNA concentration as 

Fig. 4   LNP characteristics (size, PDI, and EE) before (liquid) and after (lyo) lyophilization. LNPs were generally formulated with 10% (w/v) 
sucrose and 20 μg/mL mRNA (referred to as “standard” formulation). Additionally, the following formulations were tested: 100 µg/mL mRNA 
(high conc), addition of empty LNPs to a liquid content equivalent to the high conc formulation (+ empty LNPs), 0.05% Poloxamer 188 (Polox-
amer), 50 mM NaCl were added to the aqueous phase before the mixing step (NaCl inside), and 50 mM L-Methionine were added to the aque-
ous phase before the mixing step (L-Met inside). Statistical analysis was performed separately for size, PDI, and EE using a two-way ANOVA 
with Tukey’s multiple comparisons test and significant differences compared to the standard formulation are shown. The measurements were 
executed in triplicate, with three vials being analyzed for each formulation. * p < 0.05; ****p < 0.0001; not significant p > 0.05.
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well as LNP concentration. A high-(mRNA)-concentra-
tion formulation was prepared with a five-fold increase 
in both mRNA and lipid content (labelled “high conc” 
in graphs), and another formulation was prepared with 
a five-fold increase in lipid concentration, achieved by 
adding empty LNPs while keeping mRNA concentra-
tion constant (labelled “ + empty LNPs” in graphs). 
Initial LNP characteristics were comparable across the 
three formulations, with the high-mRNA-concentration 
formulation showing a slightly lower PDI (Fig. 4). Fol-
lowing lyophilization, the high-mRNA-concentration 
formulation exhibited a significantly higher increase 
in particle size, whereas the formulation with the addi-
tion of empty LNPs did not. Both formulations with 
higher lipid concentration preserved EE better than 
the standard formulation (Fig. 4). mRNA integrity 
was not impacted by the elevated concentrations of 
mRNA-LNPs or addition of empty LNPs (data not 
shown). eGFP expression levels in the liquid state 
were similar between the standard and high-mRNA-
concentration formulation. However, the formulation 
containing empty LNPs showed a substantial decline 

in eGFP expression and reduced cell viability (data not 
shown). After lyophilization, eGFP expression declined 
significantly in all three formulations. The lowest eGFP 
expression was observed in the formulation with empty 
LNPs, while the highest was retained in the standard 
formulation (Fig. 5).

(B)	 Interfacial Protection
	   Next, we investigated whether the addition of a sur-

factant could mitigate interfacial stress during lyophi-
lization. Only few surfactants are approved and com-
monly used for parenteral application: Polysorbate 20, 
Polysorbate 80, Poloxamer 188, and Polyoxyl-15-hy-
droxystearate [27].

	   However, polysorbates have the drawback of being 
susceptible to hydrolytic and oxidative degradation due 
to their ester bonds and unsaturated fatty acids [28–30]. 
Poloxamer has emerged as an alternative surfactant due 
to lack of ester bonds [31]. It has previously shown pro-
tective effects for proteins, extracellular vesicles, and 
viruses by reducing adsorption at ice-liquid interfaces 
[32–34]. Although constraints have been reported for 
protein drug products when combined with silicon oil 

Fig. 5   eGFP-expression in 
HeLa cells reported as median 
fluorescence intensity. LNPs 
were generally formulated with 
10% (w/v) sucrose and 20 ug/
mL mRNA (referred to as 
“standard” formulation). Addi-
tionally, the following formula-
tions were tested: 100 µg/mL 
mRNA (high conc), addition of 
empty LNPs to a liquid content 
equivalent to the high conc 
formulation (+ empty LNPs), 
0.05% Poloxamer 188 (Polox-
amer), 50 mM NaCl were added 
to the aqueous phase before 
the mixing step (NaCl inside), 
and 50 mM L-Methionine were 
added to the aqueous phase 
before the mixing step (L-Met 
inside). Statistical analysis was 
performed using a two-way 
ANOVA with Tukey’s multiple 
comparisons test. Significant 
differences within liquid or 
lyophilized state compared to 
the standard formulation are 
shown. The measurements were 
executed in triplicate, with 
three vials being analyzed for 
each formulation. ***p < 0.001; 
****p < 0.0001; not significant 
p > 0.05.
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[35], we chose to investigate the effects of Poloxamer 
188 due to these protective effects.

	   In our experiments, the addition of 0.05% Poloxamer 
188 had no significant effect on size, PDI, EE, mRNA 
integrity (data not shown), or eGFP expression, either 
before or after lyophilization, compared to the standard 
formulation.

(C)	 Protect mRNA and Reduce Osmotic Pressure
	   We further investigated whether adding sucrose 

to the aqueous phase prior to the mixing step would 
positively impact mRNA integrity or overall LNP char-
acteristics, including EE, by protecting the mRNA or 
reducing osmotic pressure. mRNA-LNPs containing 
sucrose in their core were significantly larger compared 
to those without internal sucrose, while PDI and EE 
remained comparable following the preparation process 
(Fig. 1). After lyophilization under various freezing 
conditions, trends in particle size, PDI, and EE were 
consistent with those observed in formulations lacking 
internal sucrose (Fig. 1). Additionally, mRNA integ-
rity data showed no significant differences between the 
two formulation, as confirmed by two-way ANOVA 
(Fig. 2). Interestingly, MFI was significantly higher in 
both liquid and lyophilized samples of the formulation 
without sucrose inside the core. This further confirms 
our data obtained by investigating the different freezing 
protocols, showing that MFI behaves inversely propor-
tional to particle size (Fig. 3).

	   Stability data from vials stored at 2–8°C for six 
months further supported these finding (Fig. S-2). Over 
this period, particle size increased and eGFP expres-
sion decreased. However, PDI (Fig. S-2A), encapsu-
lated mRNA concentration (Fig. S-2B), and mRNA 
integrity (Fig. S-2C) remained largely unchanged.

	   In summary, the addition of sucrose to the aqueous 
phase prior to LNP formation provided no measurable 
benefit.

(D)	 Modifying mRNA-Lipid Interactions
	   Finally, we assessed the effect of incorporating alterna-

tive excipients into the inner core of the LNP to modulate 
the interactions between mRNA and the ionizable lipid. 
Specifically, 50 mM NaCl or 50 mM L-Methionine were 
added to the aqueous phase. NaCl led to an increase in 
particle size in liquid formulation, while L-Methionine 
resulted in a reduction in EE after lyophilization (Fig. 4). 
More pronounced differences were observed in eGFP 
expression: both NaCl- and L-Methionine-containing for-
mulations showed reduced MFI in HeLa cells in the liq-
uid state. After lyophilization, however, eGFP expression 
levels converged with those of the standard formulation 
(Fig. 5). At no time point were any characteristics strongly 
different between the NaCl and L-Methionine formulaion. 

Furthermore, no differences in mRNA integrity occurred 
in either the liquid or lyophilized samples (data not shown).

Discussion

Lyophilization is a promising approach to improve the long-
term stability of mRNA-LNPs. However, the process itself 
introduces various stresses that can affect particle character-
istics, product quality, and efficiency. In particular, increases 
in particle size and reduction in EE are common challenges 
during mRNA-LNP lyophilization. This study aimed to gain 
a mechanistic understanding of these effects by investigating 
the freezing step of the lyophilization process.

We studied the impact of various freezing protocols dur-
ing lyophilization of mRNA-LNPs, alongside formulation 
strategies how to best mitigate freezing-induced stresses. 
Specifically, we compared three different cooling rates (0.1, 
0.5, and 1.5 K/min) with a cycle employing controlled nucle-
ation using an ice fog method (CoN). While CoN resulted 
in improved cake appearance and higher EE, conventional 
freezing preserved LNP size more effectively, and led to 
enhanced eGFP expression in HeLa cells. We also explored 
several formulation strategies to improve LNP stability dur-
ing freezing. These included: (A) altering local LNP inter-
actions via colloidal crowding, (B) potentially mitigating 
interfacial stress through the addition of a surfactant, (C) 
incorporating sucrose within the LNPs to protect mRNA and 
reduce osmotic pressure, and (D) manipulating interactions 
between mRNA and the ionizable lipid with formulation 
components.

Freezing Protocols

Given that the maximum achievable cooling rates in stand-
ard freeze-dryers are typically limited to approximately 2 K/
min [36], we investigated rates of 0.1, 0.5, and 1.5 K/min. 
This range is generally too narrow to significantly affect 
nucleation temperature, which in our experiments ranged 
from –13°C to –19°C across all rates. However, cooling rate 
did influence freezing time, defined as the duration between 
nucleation and the point when the product temperature 
realigns with the shelf temperature. More important, the 
stress time during freezing defined as the time between ini-
tial nucleation and solidification of the maximally freeze-
concentrated solution was different ranging from minutes 
to several hours. Previous studies evaluating freezing of 
monoclonal antibodies or lactate dehydrogenase in histidine 
buffer have demonstrated that the cooling rate is a primary 
determinant of cryo-concentration, which can be mitigated 
by using faster rates [37, 38].
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Kasper et al. have reported that DNA-polyplexes showed 
greater size increases following slow freezing ramps after 
controlled nucleation, likely due to extended residence time 
in a low-viscosity state before solidification [39].

Transferring this to our nanoparticulate system, although 
confirmatory studies would be needed, we hypothesize that 
the increase in particle size observed post-lyophilization 
may be influenced by cryo-concentration due to prolonged 
freezing and hence stress times. Faster cooling may reduce 
the time available for solutes to accumulate in the unfrozen 
phase, thereby lowering the extent of cryo-concentration. 
Since conventional freezing conditions exhibited similar 
degrees of supercooling, they likely induce comparable 
cryo-concentration effects. This may explain why the fast-
est rate (1.5 K/min) resulted in the smallest size increase, 
although the differences were not statistically significant.

As a result, a faster freezing may limit cryo-concentration 
and thereby reduce particle size increase. Instant freezing 
using liquid nitrogen has been discussed as an alternative 
due to its extremely high cooling rate [40]. However, it also 
produces numerous small ice crystals, which extend primary 
drying time and significantly increase the ice-liquid inter-
facial area, and is not preferred in a routine manufacturing 
setting.

Interfacial stress is another important factor during freez-
ing. In other systems, such as protein formulations, they can 
adsorb to interfaces, leading to unfolding and denaturation 
and eventually loss in biological function.

As interfacial stress results from the formation of ice 
crystals, we hypothesize that the interaction of the LNPs 
with the newly formed ice-liquid interface may be detrimen-
tal to particle integrity resulting in lipid layer destabilization 
and cargo leakage and hence reduced EE. EE may thus be 
adversely affected compared to particle size. To strengthen 
these findings, we evaluated CoN as a method characterized 
by a low degree of supercooling and the formation of large 
ice crystals [41]. In general, large ice crystals as a result of 
slow cooling rates typically facilitate faster primary drying, 
but require longer secondary drying due to decreased surface 
area making it more difficult for adsorbed (unfrozen) water 
to desorb. Consequently, samples subjected to CoN may 
exhibit higher residual moisture unless secondary drying 
times are adjusted [16]. In our study, we found that mRNA-
LNPs showed higher EE post-lyophilization using CoN but 
highest increase in particle size compared to other formula-
tions. This further strengthened our hypothesis that reduced 
interfacial stress as a result of a slower cooling rate and the 
formation of larger ice crystals contributes to the higher EE 
observed post-lyophilization, whereas at a longer freezing 
time, potentially together with the higher (controlled) nucle-
ation temperature at −10°C, allowed for more pronounced 
cryo-concentration and thus increase in particle size.

Interestingly, despite not modifying secondary drying 
times, we observed lower residual moisture and superior 
cake appearance after CoN for our mRNA-LNPs. Micro-
CT imaging would be beneficial to evaluate the internal pore 
structure to elucidate the impact of CoN on moisture levels.

Our in vitro experiments in HeLa cells indicated that par-
ticle size, not EE, was the primary determinant of reduced 
MFI, consistent with previous findings. Kong et al. demon-
strated that smaller LNPs (~ 95 nm) had higher transfection 
efficiency than medium (~ 120 nm) and large (~ 170 nm) 
LNPs in HEK293 and DC2.4 cells [42]. Similarly, Yanez 
Arteta et al. showed that protein expression in hepatocytes 
and adipocytes was highest with 64 nm LNPs, with both 
larger and smaller sizes performing worse [43]. However, 
in vivo data suggests that size variations may be less critical 
depending on the species that is studied. For instance, Has-
sett et al. found that while mice required ~ 100 nm LNPs for 
robust immune responses, non-human primates responded 
effectively to a broad size range (60–150 nm) [44]. Thus, in 
vitro data may not reliably predict in vivo outcomes. Con-
sequently, CoN should continue to be considered in process 
optimization, even though it showed the poorest results in 
our cell experiments. However, high EE and superior cake 
appearance may preferable if particle size is not the most 
important factor in vivo.

Formulation Strategies

To enhance LNP stability during lyophilization, we inves-
tigated the role of colloidal crowding, a strategy previously 
shown to stabilize mRNA-LNPs during freeze/thaw cycles 
and lyophilization [26]. In our study, increasing the overall 
LNP concentration from 0.02 mg/mL to 0.1 mg/mL, using 
either mRNA-loaded or empty LNPs, resulted in a mod-
est improvement in EE. However, this approach also intro-
duced unintended effects, such as an increase in particle size 
at higher mRNA-LNP concentration and decreased eGFP 
expression when empty LNPs were added.

These findings align with observations by Wang et al. 
who reported a sharp decline in EE at 0.1 mg/mL but stable 
EE at 0.5 mg/mL when studying the effects of the mRNA 
concentration on lyophilization of mpox mRNA-LNPs. They 
also noted an increase in particle sizes at higher concentra-
tions [3], consistent with our results.

We hypothesize that reduced interfacial stress as a result 
of less water per particle, may limit ice crystal formation 
near LNP surfaces and thus reduce the total ice-liquid inter-
face area.

The stabilization of nanoparticulate systems during 
lyophilization may be explained by the particle isolation 
hypothesis, which has been applied to lipid/DNA com-
plexes. According to this hypothesis, spatial separation in 
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the unfrozen fraction prevents particulate aggregation [45]. 
However, for our high-mRNA-concentration formulation, 
10% sucrose may not be sufficient to fully isolate particles, 
potentially allowing some degree of aggregation or fusion.

Moreover, the addition of empty LNPs reduced both 
eGFP expression and HeLa cell viability already in liquid 
state, likely due to increased lipid content relative to mRNA. 
Although ionizable lipids are generally less cytotoxic than 
permanently cationic lipids [46], excessive lipid concentra-
tions introduced by empty LNPs appear to have cytotoxic 
effects.

In sum, our observation of reduced MFI in HeLa cells 
with lyophilized, high-concentration mRNA-LNPs, despite 
improved EE, further supports the notion that particle size, 
rather than EE, is a more critical determinant of in vitro 
transfection efficiency.

As another strategy to mitigate interfacial stress, we 
added 0.05% Poloxamer 188. In our study, Poloxamer did 
not adversely affect LNP characteristics but was insufficient 
to enhance stability during lyophilization. Higher concen-
trations might be more effective though toxicological limits 
dependent on the route of administration need to be con-
sidered; Li et al. for example, used up to 1.5% (w/v) [47] 
when studying different formulations for thin-film freeze-
drying of an influenza A virus hemagglutinin mRNA-LNP 
vaccine. Another possibility is that Poloxamer as a surfactant 
integrates into the LNP structure, strongly reducing its con-
centration at the interface [48, 49]. A patent from Arcturus 
Therapeutics describes the lyophilization of LNPs using 
Poloxamer 188 as an excipient. The addition of 0.1–0.2% 
Poloxamer to 15% cryoprotectant was identified as the opti-
mal condition for small interfering RNA (siRNA)-LNPs 
with concentrations of 0.5, 1, or 2 mg/mL. However, for 
0.25 mg/mL siRNA-LNPs, a formulation without Polox-
amer was found to be more favorable. Furthermore, it was 
demonstrated that adding Poloxamer 188 after lyophiliza-
tion as part of reconstitution was determined to best main-
tain EE. As illustrated, siRNA-LNPs are employed in the 
aforementioned example; however, in certain embodiments, 
the RNA may be mRNA or self-replicating RNA, with a 
maximum length of 13,000 nucleotides [50]. Consequently, 
higher concentrations of Poloxamer 188 might be needed to 
show beneficial effects in our experiments. Especially higher 
concentrations of Poloxamer 188 at higher mRNA–LNP 
concentrations could be beneficial, as in our experiments 
higher concentrations of mRNA–LNPs better preserved EE 
but led to an increase in particle size, which may be miti-
gated through the addition of a surfactant. To note, adding 
a surfactant to the liquid formulation may help mitigate the 
formation of white deposits, presumably LNP components, 
on the surfaces of vials caused by shaking [25].

We further tested how reduced osmotic stress may influ-
ence EE. In liposome studies, protectants were added both 

inside and outside liposomes to balance osmotic pressure 
[11, 51, 52]. To investigate this in our system, we formu-
lated LNPs with sucrose incorporated in the core of the LNP. 
Additionally, we hypothesized that sucrose might stabilize 
the mRNA by replacing hydrogen bonds during potential 
removal of water during drying. However, no improvement 
in EE, nor in mRNA integrity and eGFP expression in HeLa 
cells, was observed, suggesting that other stress factors, e.g., 
interfacial stress, rather than osmotic imbalance, may the 
primary cause of EE reduction during lyophilization.

Finally, we evaluated the effects of L-Methionine and 
NaCl on the interactions between mRNA and ionizable 
lipids. Due to its zwitterionic nature and antioxidant prop-
erties, we hypothesized that L-Methionine may strengthen 
interactions and stability, while the increased ionic strength 
through NaCl may weaken electrostatic interactions. How-
ever, neither excipient improved stability nor majorly desta-
bilized the LNP system. In fact, both excipients increased 
particle size and led to reduced cellular activity, consistent 
with our previous findings. There was also no influence on 
mRNA integrity with the addition of L-Methionine or NaCl. 
The results regarding the addition of NaCl are consistent 
with findings of Shirane et al. who developed an “alcohol 
dilution-lyophilization method” for mRNA-LNPs and inves-
tigated different pH values (pH 3–5) and NaCl buffer con-
centrations (0 −750 mg/mL). 50 mM NaCl corresponds to 
3 mg/mL. At pH 4, only NaCl concentrations higher than 
150 mg/mL negatively impact PDI, and 750 mg/mL of NaCl 
is needed to reduce EE [20].

To note, the use of polyA as a surrogate may sometimes 
be beneficial from a technical development perspective. 
However, the present study also shows that e.g., the size 
increase and changes in EE after CoN as shown for EGFP 
mRNA-LNPs were not fully reflected by polyA-LNPs. In 
contrast, changes in polyA-LNP characteristics may translate 
into eGFP mRNA-LNP characteristics representing a best 
case scenario.

To conclude, our results show that increases in parti-
cle size and reductions in EE often follow opposing trends 
across freezing conditions. Therefore, the optimal freezing 
protocol must be tailored to each specific formulation and 
lipid composition to ensure both physical stability and bio-
logical efficacy.

Conclusions

A deeper understanding of the freezing process during lyo-
philization and the impact of freezing-induced stresses on 
mRNA-LNP stability is essential for the rational design of 
both formulation and process parameters for lyophilized 
mRNA-LNPs. Our results show that a decrease in EE was 
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more pronounced at faster cooling rates, while at slower 
cooling rates, the increases in particle size was largest. 
Based on these findings, we hypothesize that the increase 
in size of LNPs post-lyophilization may be primarily driven 
by cryo-concentration as a result of longer freezing times, 
whereas losses in EE may be influenced by ice–liquid inter-
facial stress as a result of smaller ice crystals formed dur-
ing faster freezing protocols. To our knowledge, this is the 
first study to provide systematic experimental evidence of 
the impact of freezing conditions during lyophilization on 
mRNA–LNPs. Our results demonstrate that, due to opposing 
trends in particle size increase and mRNA leakage, process 
optimization alone cannot fully stabilize mRNA–LNPs, and 
an improved formulation is therefore required.

The addition of 0.05% Poloxamer 188 was insufficient to 
mitigate interfacial stress. While colloidal crowding slightly 
improved EE, it introduced drawbacks such as increased par-
ticle size at high mRNA-LNP concentrations and reduced 
eGFP expression when empty LNPs were added. Unlike 
with liposomes, incorporation of sucrose into the LNP core 
did not reduce leakage, supporting the notion that interfa-
cial stress rather than osmotic pressure drives reduced EE. 
Moreover, inclusion of sodium chloride or L-Methionine 
into the LNP core did not modify final LNP stability.

Although the tested formulation strategies did not suc-
cessfully reduce lyophilization-induced stress, especially our 
findings regarding freezing protocols enhance the mecha-
nistic understanding of stress factors during freezing of the 
lyophilization process of mRNA-LNPs. This knowledge 
provides a foundation for future optimization of mRNA-
LNP formulations and their freezing protocols during 
freeze-drying.
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