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COVID-19 vaccines consisting of mRNA lipid nanoparticles
(LNPs) encoding the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) spike protein antigen protected mil-
lions of people from severe disease; however, they must be
stored frozen prior to use. The objective of this study was to
evaluate the compatibility and stability of mRNA LNPs within
a polymer-based film matrix. An optimized formulation of
polymer base, glycerol, surfactants, and PEGylated lipid
that prevents damage to the LNP due to physical changes
during the film-forming process (osmotic stress, surface ten-
sion, spatial stress, and water loss) was identified. Surfactants
added to LNP stock prior to mixing with other film compo-
nents contributed to this effect. Formulations prepared at
pH R 8.5 extended transfection efficiency beyond 4 weeks at
4�C when combined with known nucleic acid stabilizers.
mRNA LNPs were most stable in films when manufactured in
an environment of �50% relative humidity. The optimized
formulation offers 16-week stability at 4�C.

INTRODUCTION
While use of lipid nanoparticles (LNPs) to deliver mRNA was first
described in the late 1970s,1 their approval in several mRNA-based
vaccines during the COVID-19 pandemic brought them to the fore-
front of the biotech industry. Emergency use authorization from the
United States Food and Drug Administration and European Medi-
cines Agency and global distribution of the BioNTech/Pfizer and
Moderna severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) mRNA vaccines provided solid evidence that the mRNA
LNP platform could effectively induce expression of antigens in a
manner that prevented severe disease.2,3 Since then, basic research
and clinical trials using mRNA LNPs to express therapeutic proteins
or antibodies to treat genetic, cardiovascular, and other infectious dis-
eases as well as gene editing have risen exponentially.1,4

LNPs are fatty droplets with an aqueous core that contains a series of
reversed micelles that bind, protect, and deliver mRNA nucleotides
(Figure S1).5 Several different types of lipids are commonly used to
make these particles. Ionizable lipids retain a positive charge within
the acidic environment of the aqueous core to formmicellar networks
that bind mRNA through electrostatic interactions. When they reach
Molecula
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physiological pH in solution or a living organism, they become
neutral, making them biocompatible. In the endosome, ionizable
lipids revert to their original positively charged state where they
interact with anionic phospholipids to disrupt the endosomal mem-
brane and facilitate release of intact mRNA-containing micelles
into the cytoplasm.6,7 Neutral phospholipids and cholesterol are
responsible for maintaining an organized lipid shell. Helper lipids
such as distearoylphosphatidylcholine (DSPC) also contribute to en-
dosomal escape by interacting with the endosomal membrane.8 Small
amounts of lipids attached to polyethylene glycol (PEG) dispersed
throughout the lipid phase of the particle can significantly affect par-
ticle size, surface charge, and physical stability as they have been
shown to prevent aggregation, extend circulation time, and reduce
particle clearance.1,9,10 PEG molecules on the outer shell of the parti-
cle also create a hydration shell that circumvents opsonization and
partially governs particle stability. PEG can also serve as a linker for
attachment of targeting molecules to limit where particles are taken
up and genes expressed.11

LNPs containing mRNA are generally prepared by mixing single-
stranded ribonucleic acid molecules in an acidic aqueous buffer
with lipids in an ethanolic solution in a microfluidic system where
speed, volume ratio, and the flow pattern are highly controlled.12

In practice, 40–80% of LNPs prepared in this manner do not
contain any mRNA, while each LNP carries two to six mRNA
molecules.13 Unencapsulated material is removed by dialysis or
ultracentrifugation and particles suspended in a buffer, often phos-
phate-buffered saline (PBS, pH 7.4) or Tris (pH 8). Buffer selection
has been shown to significantly affect the physical stability of
LNPs. For example, Tris-buffered self-replicating mRNA LNPs
showed larger particle size than those stored in PBS at 4�C and
�20�C.14 Tris buffer was also found to minimize changes in solu-
tion pH during freezing and slow adduct formation of aldehyde
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Table 1. Stability of marketed RNA LNP-based products

Comirnaty Spikevax Onpattro

Vector mRNA LNPs mRNA LNPs siRNA LNPs

Indication
vaccine against
SARS-CoV-2

vaccine against
SARS-CoV-2

polyneuropathy of hereditary
ATTR amyloidosis

Manufacturer Pfizer BioNTech Moderna Spark Therapeutics

Storage
�80�C long term
4�C 10 weeks
25�C 12 h

�50�C to �15�C long term
4�C 30 days
25�C 24 h

4�C 3 years
25�C 14 days

Formulation

for each 0.3-mL dose,
0.01 mg potassium
chloride, 0.01 mg
monobasic potassium
phosphate, 0.36 mg
sodium chloride, 0.07 mg
dibasic sodium phosphate
dihydrate, and 6 mg sucrose

for each 0.5 mL dose,
0.31 mg tromethamine,
1.18 mg tromethamine
hydrochloride, 0.043 mg
acetic acid, 0.20 mg
sodium acetate trihydrate,
and 43.5 mg sucrose

disodium hydrogen phosphate
heptahydrate, potassium
dihydrogen phosphate
anhydrous, sodium chloride
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impurities associated with lipid components.15 Each of the currently
marketed COVID-19 vaccines are formulated as frozen buffered
solutions containing sucrose (Table 1).16–18 While each of these
products has been shown to be stable in solution at 4�C for up to
10 weeks, they must be discarded within 24 h at 25�C. In contrast,
an LNP-based product containing short interfering RNA (siRNA)
(Onpattro) is formulated as a buffered solution that is stable at
4�C for 3 years. This improved stability profile may be due to the
short double-stranded structure of siRNA while mRNA and self-
replicating RNA molecules are long single strands.

To date, there is limited information available regarding the stability
of mRNA LNPs in the solid state. LNPs prepared in formulations
containing more than 5% (w/v) of sugar demonstrated an increase
in particle size prior to freeze-drying. This increased further once
the lyophilization process was complete. Storage at 4�C or �20�C
was required to conserve the physicochemical properties of the parti-
cles.19 Several reports were conflicting as transfection efficiency or
in vivo bioactivity of lyophilized LNPs was not compromised even
though notable drops in encapsulation efficiency and increases in
particle size were detected once drying was complete.19,20 Taken
together, this suggests that lyophilization cannot yet support storage
of mRNA LNPs outside of the cold chain and that the physicochem-
ical properties of an mRNA LNP-based product may not fully predict
in vitro or in vivo performance.

The objective of the experiments summarized here was to evaluate a
stabilization process that avoids cold denaturation and dramatic tem-
perature fluctuations that occur during the freeze-drying process21 for
its ability to stabilize mRNA LNPs under ambient conditions within a
film matrix. This process has been shown to allow bacteria, enzymes,
live adenovirus, adeno-associated virus (AAV), and plasmid DNA to
be stored and shipped without refrigeration.22–24 A secondary objec-
tive was to understand how data collected from commonly accepted
stability-indicating assays for LNP products can be used to predict
bioactivity. Successful identification of a film-based formulation
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that eliminates the need for ultra-low cold-chain storage and trans-
port and identifying predictors of LNP performance will significantly
improve access to these lifesaving medications and readiness for the
next pandemic.

RESULTS
Stability of DNA complexes within the film matrix

We successfully preserved the transfection efficiency of naked
plasmid DNA within an optimized film matrix after storage for up
to 9months at 25�C.24 However, polyethyleneimine (PEI), a common
transfection reagent that condenses DNA into positively charged
complexes,25 still had to be added to solutions prepared from rehy-
drated film for efficient cell entry. Thus, to simplify the transfection
process for use in large-scale production of recombinant proteins
and virus, we decided to evaluate the stability of pre-formed DNA
complexes using either PEI or lipofectamine (LPF), a common
lipid-based transfection reagent,26 within the film matrix.

Plasmid:PEI complexes made in PBS supported comparable transfec-
tion efficiencies to those prepared in standard medium (Opti-MEM)
during our screening process (p > 0.18, Figures 1A and 1B). Plasmid-
PEI complexes stabilized in films prepared with gelatin were able to
maintain full transfection efficiency (103.2%–111.6%) with respect
to freshly made complexes in medium. Complexes prepared in me-
dium and left at room temperature (RT) during the drying process re-
tained only 12.2%–14.1% of the original transfection capacity (RT
control, Figure 1A). Complexes in films prepared with gelatin were
able to maintain a high level of transfection efficiency after 7 days
(pH 5, 83.2% ± 1.2%; pH 8, 93.4% ± 4.5%) and 14 days (pH 5,
73.3% ± 1.9%; pH 8, 71.1% ± 7.1%) at 25�C (Figure 1B). The pH of
the film matrix significantly affected the stability of PEI-DNA com-
plexes prepared in Opti-MEM after 14 days at 25�C (pH 5, 64.9% ±

3.6% and pH 8, 34.1% ± 3.0% respectively).

Formation of DNA-lipofectamine (LPF) complexes was optimized
by altering the volume of medium utilized to dilute plasmid and



Figure 1. Transfection efficiency of DNA complexes is

maintained within a film matrix

(A) Impact of medium used to form DNA:PEI complexes and

polymer on preservation of transfection efficiency during the

film-forming process. (B) Stability of PEI-DNA complexes in

films stored at 25�C, 60% RH for 2 weeks. (C) Stability of

LPF-DNA complexes within films after 4 days at 4�C and

25�C. (D) Stability of LPF-DNA complexes over 14 days

at 25�C. (C and D) Control: LPF-DNA complexes stored

in liquid medium alone. Information about specific

formulations is summarized in Table S1. In each panel,

data represent the average ± the standard error of

the mean of four replicates for each formulation. Statistical

significance between formulations with respect to

unformulated complexes stored under the same condition

was determined by two-way ANOVA followed Tukey’s

(B) or Dunnett’s (C and D in comparison to day 0 films)

multiple comparison tests. *p < 0.05, **p < 0.01,

***p < 0.001.
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lipofectamine individually prior to mixing (Figure S2A). The highest
levels of transfection were achieved by placing 1 mg of DNA in
10–12.5 mL of medium. This was 15-fold higher than what is recom-
mended by the manufacturer (1 mg DNA in 50 mL of medium). Lip-
oplexes in films prepared using gelatin (pH 5, P3 and pH 8, P4) and
different types of hydroxypropyl methyl cellulose (HPMC) (P6 and
P7) retained more than 80% of the original transfection efficiency
during the film-forming process, while those in films made with chi-
tosan (P1), pectin (P2), and alginate (P8) did not support transfection
at all (Figure S2B). Formulations F2, F3, and F4 (Table S1) preserved
the transfection efficiency of LPF-DNA complexes within the film
matrix after 4 days at either 4�C or 25�C, while transfection efficiency
of complexes in medium alone (control) fell to 48.0% ± 0.3% at 4�C
and 3.2% ± 0.2% at 25�C (Figure 1C). Formulations F3 and F4 re-
tained 86.2% ± 6.0% and 92.0% ± 3.7% of their original transfection
efficiency after 14 days at 25�C, while complexes in medium alone fell
to 12.6% ± 0.1% (Figure 1D). Taken together, we have demonstrated
that embedding DNA complexes within the filmmatrix was necessary
to preserve transfection efficiency during storage at 25�C as com-
plexes stored in buffer under the same conditions precipitated and
failed to transfect cells after 24 h at the same condition. It was also
clear that LPF-DNA complexes were more stable than those formed
with PEI, as transfection efficiency never fell below 90% during the
14-day period. Thus, we decided to evaluate the stability of mRNA
LNPs within a film matrix.
Molecu
mRNA LNP formulation development: pH and

polymer base

Since gelatin-based films prepared in buffers of pH
5 and pH 8 preserved transfection efficiency of
DNA complexes within the filmmatrix, the impact
of pH on mRNA-containing LNPs was evaluated
(Figure 2). The average particle size and polydis-
persity index (PDI) of the LNPs in liquid formula-
tions buffered at pH 6 and pH 6.5 increased after
3 days at 4�C (Figure 2A). Encapsulation efficiency was also reduced;
however, transfection efficiency remained high under these conditions
(Figure 2B). The average particle size and PDI of LNPs significantly
increased in formulations prepared with K100LV HPMC at pH 7–9
during the film-forming process (p = 0.007, Figure 2C). However,
LNPs in formulations buffered at pH 8 and 9 had a transfection effi-
ciency of 83.2% ± 10.6% and 165.8% ± 14.0%, respectively, despite a
drop in encapsulation efficiency (Figure 2D). Therefore, Tris buffer,
pH 8, was chosen for use in additional formulation screening studies.

Gelatin-based formulations that preserved transfection efficiency of
DNA complexes did not support stability of LNPs (Figures 3A and
3B). LNPsplaced in this formulation (P8) experienced a notable increase
in particle size from 136 to 222 nm and associated polydispersity index
(PDI) from 0.055 to 0.338 (blue dots, Figure 3A). Transfection efficiency
also fell to 30.7%± 7.8%. Screening of additional polymers revealed that
formulations containing different types of hydroxypropyl methyl cellu-
lose (P1–P3) could maintain transfection efficiency with moderate in-
creases inparticle size andPDI during the film-formingprocess. Formu-
lations containing hydroxyethyl cellulose (P4), Wallocel (P5), pullulan
(P6), and poly vinyl acetate (PVA) (P7) formed large aggregates (Fig-
ure 3A) that could not enter cells to express the luciferase transgene (Fig-
ure 3B). LNPs formulated with K100LV had properties (particle size,
189 nm; PDI, 0.297; transfection efficiency, 96.7%) very similar to those
of the original stock solution (Figure S3).
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Figure 2. Impact of pH on LNP stability in solution and

within the film matrix

Particle size (gray bars, A), polydispersity index (PDI, blue

dots, A) and encapsulation efficiency (orange dots, B)

demonstrate modest changes with respect to solution

pH, while transfection efficiency (black bars, B) was

significantly lower when LNPs were stored in solutions of

pH 7.4–9 for 3 days at 4�C. mRNA LNP-containing films

prepared with K100LV HPMC were more sensitive to

formulation pH as significant changes in particle size and

PDI (blue dots, C) and transfection and encapsulation

efficiency (orange dots, D) were observed with respect

to an unthawed stock solution (buffer) as pH increased.

In each panel, data represent the average ± the stan-

dard error of the mean for three replicates for each

formulation. Statistical analysis was conducted with two-

way ANOVA and Dunnett’s post hoc test in which

properties of LNPs in a formulation were compared to

those seen in the original stock preparation. **p < 0.01,

***p < 0.001.
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mRNA LNP formulation development: Glycerol and surfactants

Glycerol (2.5% v/v) was initially used as a plasticizer in all of our film
formulations to date.23,27 Increasing glycerol from 2% to 4% signifi-
cantly reduced particle size from 199 to 161 nm and PDI from
0.336 to 0.131 (p < 0.001, Figure 3C) with no significant change in
transfection efficiency (2% glycerol, 83.2% ± 10.6% vs. 4% glycerol,
71.8% ± 5.9%, p = 0.63 Figure 3D). Films made with 8% glycerol
were soft like hydrogels and took significantly longer to fully form a
solid film. Addition of the hydrophilic, non-ionic surfactant, Pluronic
F127, to the film matrix produced smaller, more homogeneous LNPs
upon rehydration (base, Figure 3E). This also significantly improved
transfection efficiency (189.1% ± 9.7%, Figure 3F). This effect was
more pronounced when Pluronic F127 was mixed with the LNP stock
prior to mixing with bulk film formulation (LNP, particle size,
159 nm; PDI, 0.137; EE, 83.0%; transfection efficiency, 234.4%).
While these results seemed promising, formulations prepared by add-
ing the surfactant to the LNP stock prior to addition to the bulk
formulation significantly increased particle size (152 ± 6 nm to
213 ± 7 nm) and PDI (0.122 ± 0.027 to 0.354 ± 0.018) after storage
within a film matrix at 4�C for a week with a corresponding drop
in transfection efficiency (127.5% ± 5.4% to 33.5% ± 5.2%, no PEG
lipid, Figure 4).

mRNA LNP formulation development: PEG lipids

Two PEG lipids commonly utilized for fabrication of LNPs,
N-(methylpolyoxyethylene oxycarbonyl)-1,2-dimyristoyl-sn-glycero-
3-phosphoethanolamine sodium salt (DMPE-PEG) and 1,2-dimyris-
toyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG),
were included as excipients in the film matrix at two concentrations:
0.008% (low) and 0.04% (high). Inclusion of these excipients in the
film base did significantly improve particle size and PDI with respect
to formulations that did not contain extraneous lipid (no PEG lipid,
152 ± 6 nm vs. low DMPE-PEG, 143 ± 1 nm, p = 0.61; vs. high
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DMPE-PEG, 131 ± 4 nm, p = 0.01; Figure 4A). The impact of the
PEG lipid on stability within the film matrix was more defined after
7 days at 4�C as particle size increased in films without PEG lipid
(213± 7 nm) while that in low-DMPE-PEG and high-DMPE-PEG for-
mulations remained at 166 ± 1 nm and 126 ± 5 nm, respectively
(p < 0.001). Despite improvements in particle size, high concentrations
of extraneous lipid made LNPs “leaky” with encapsulation efficiencies
of 36.2% ± 3.3% (DMPE-PEG) and 56.2% ± 0.4% (DMG-PEG; Fig-
ure 4C). Transfection efficiency followed a similar trend in freshly pre-
pared films (10.3% ± 1.7%) (DMPE-PEG) and 37.9% ± 11.3% (DMG-
PEG, Figure 4D). Low concentrations of extraneous PEG lipid did not
compromise encapsulation and transfection efficiencies during the
film-forming process (day 0, red and dark blue bars, Figures 4C and
4D). Despite these findings, transfection efficiency of LNPs in these
preparations fell to 76.5% ± 10.6% (DMPE-PEG) and 66.9% ± 13.2%
(DMG-PEG) after 7 days at 4�C, prompting further revision of the
film formulation.

mRNA LNP formulation development: Polymer viscosity

Initial screening of film-forming polymers was conducted with
low-viscosity preparations for ease of dissolution and for potential
use as injectable products (Figures 3A and 3B). Since the optimal
polymer from those studies (K100LV HPMC) could not support
long-term stability of mRNA-containing LNPs, we decided to eval-
uate stability in a high-viscosity polymer shown to be superior to
the low-viscosity polymer used in our studies for stabilization of
AAV9 within a film matrix (K4M HPMC).23 Mixing the polymers
(K4M and K100LV HPMC) at different ratios generated solutions
with viscosities ranging from 56 to 169 cps (Table S2). LNPs in
films prepared with these formulations had comparable particle
size (162–193 nm), PDI (0.158–0.261), and encapsulation effi-
ciency (80.0%–87.5%) values (Figures S4A–S4C). Transfection ef-
ficiency was 2- to 4-fold higher than that seen from an LNP stock



Figure 3. Impact of excipients on the preservation of

physical and biological properties of LNPs during the

film-forming process

(A and B) LNPs were placed in low-viscosity polymer for-

mulations and films formed under constant airflow under

ambient and aseptic conditions. Films were then recon-

stituted for analysis and LNPs compared to a frozen stock

solution (buffer). (C) Glycerol improves integrity of mRNA

LNPs within the film matrix. Concentrations above 2% v/v

maintain particle size and PDI (blue dots) of LNPs with

respect to an unthawed stock solution (buffer). (D) Impact of

glycerol on transfection efficiency of LNPs during the film-

forming process. (E) Addition of Pluronic F127 to LNPs

before incorporation into the film matrix significantly re-

duces particle size and PDI (blue dots) during the film-

forming process. Pluronic F127 was added either directly to

the film formulation (1.5% K100LV, 3% glycerol) before

mixing with LNPs (base) or to the LNP stock prior to mixing

with the bulk formulation (LNP). (F) Impact of mixing Plur-

onic F127 with LNP stock prior to mixing with the filmmatrix

on encapsulation (orange dots) and transfection efficiency.

Specific details of formulations are summarized in Table S1.

In each panel, data represent the average ± the standard

error of the mean for three replicates for each formulation.

Statistical significance with respect to freshly thawed LNPs

in Tris buffer was determined by two-way ANOVA and

Dunnett’s post hoc tests. *p < 0.05, **p < 0.01,

***p < 0.001.
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solution stored frozen (Figure S4D, buffer). After 4 weeks at 4�C, a
significant increase in particle size and drop in transfection effi-
ciency was found in all formulations tested. Since formulations
containing only the low- (F20) or high-viscosity (F24) polymers
showed the least change in particle size (268 ± 43 and 234 ± 14,
respectively) and the best encapsulation efficiencies (82.6% ±

1.2% and 80.8% ± 2.3%, respectively), additional studies with films
containing each polymer and several different phospholipids were
conducted (Figure S4).

LNPs in films prepared with K4M and PEG lipids demonstrated a sig-
nificant increase in particle size (DMPE-PEG, 168–193 nm; DMG-
PEG, 163–215 nm; Figure S5A) as well as a significant decrease
in encapsulation efficiency (DMPE-PEG, 80%–63%; DMG-PEG
80%–59%, Figure S5C) after 28 days at 4�C. Films containing K4M
and the phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) supported minimal changes in particle size (150–160 nm)
and PDI (0.195–0.215; Figures S5A and S5B) and encapsulation effi-
Molecu
ciency (85%–79%) after 28 days at 4�C. Despite
this, transfection efficiency of LNPs in this
formulation was very low after the film-forming
process was complete (47.0% ± 4.5%, D0) and
28 days at 4�C (14.4% ± 3.8%; Figure S5D).
Degradation of LNPs in formulations prepared
with the low-viscosity polymer occurred at a
much faster rate. Significant increases in particle
size were found in these preparations after 14
and 28 days at 4�C (on day 14, DMPE-PEG 171 ± 9 nm, DMG-
PEG 270 ± 26 nm, DMPC 275 ± 6 nm; and on day 28, DMPE-PEG
309 ± 17 nm, DMG-PEG 348 ± 37 nm, DMPC 288 ± 19 nm;
p < 0.001; Figure S5A). A similar trend was seen with respect to
encapsulation efficiency (day 14, DMPE-PEG 67.7% ± 4.6%, DMG-
PEG 44.8% ± 9.1%, DMPC 46.7% ± 4.0%; and day 28, DMPE-PEG
48.7% ± 6.2%, DMG-PEG 26.4% ± 4.9%, DMPC 47.2% ± 1.0%; Fig-
ure S5C). However, transfection efficiencies of LNPs in these prepa-
rations were similar to those in formulations containing the K4M
polymer (Figure S5D).

mRNA LNP formulation development: Surfactant combinations

In order to improve LNP stability within the film matrix further, an
additional study in which non-ionic surfactants, often used in phar-
maceutical formulations to prevent aggregation and in suspension
culture medium to protect cells from hydrodynamic and bubble-
induced shear,28,29 were combined with Pluronic F127. Addition
of a second surfactant did not significantly affect particle size,
lar Therapy: Nucleic Acids Vol. 35 June 2024 5
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Figure 4. Use of PEG-conjugated lipids as excipients

improves LNP stability within the film matrix at 4 �C
PEG-conjugated lipids were included in bulk film formulation

(1.5% K100LV + 3% glycerol + 0.01% Pluronic F127) at high

(0.04%) and low (0.008%) concentrations. Freshly prepared

films (D0) and those stored at 4�C for a week (D7) were re-

hydrated for measurement of particle size (A), PDI(B),

encapsulation (C), and transfection (D) efficiency. Data

generated from frozen stock LNPs stored at 400 mg/mL

(buffer) are included for comparison. In each panel, data

represent the average ± the standard error of the mean for

three replicates for each formulation. Statistical analysis

between formulations with and without PEG lipids was

determined using two-way ANOVA and Dunnett’s post hoc

tests. *p < 0.05, **p < 0.01, ***p < 0.001.
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PDI, and transfection efficiency of LNPs during the film-forming
process (D0; Figure S6). However, encapsulation efficiency was
significantly reduced by all formulations tested except the formula-
tion containing Pluronic F68 and F127 (D0; Figure S6C). After
2 weeks at 4�C, LNPs in formulations containing surfactant combi-
nations had significantly better physical characteristics than those
prepared with Pluronic F127 alone. Formulations containing Plur-
onic F68 and Brij 58 had the lowest particle size (151 ± 1 nm
and 155 ± 4 nm) and PDI (0.150 ± 0.001 and 0.184 ± 0.001) of
all formulations tested (Figures S6A and S6B). While encapsulation
efficiency was significantly reduced in all formulations tested at the
day 14 time point, the formulation containing Pluronic F68 main-
tained the highest value (77.4% ± 0.5%). Despite these results, trans-
fection efficiency was reduced by approximately 40% in all formu-
lations tested (D14; Figure S6D).

mRNA LNP formulation development: pH of film base

We have previously found that changes in pH within the film ma-
trix during the film-forming process can significantly affect stabil-
ity of recombinant viruses.22,23 Screening of several different film
formulations revealed that the pH of films prepared with 10 mM
Tris pH 8 dropped to 6.5 and that sucrose (10%) in the same
buffer reduced pH further to 6.0, while those prepared with PBS
fell to 5.5 (Table S3). Internal film pH did not affect the physical
and biological characteristics of LNPs during the film-forming
process (D0; Figure 5). After 14 days at 4�C, the particle size
and PDI of LNPs in formulations prepared with pH 7.4 buffer
increased to 242 ± 17 nm and 0.365 ± 0.030, respectively
(Figures 5A and 5B). Despite this, encapsulation efficiency re-
mained high (82% ± 0.6%) and transfection efficiency was
62.8% ± 3.4% (Figures 5C and 5D). LNPs stored in films prepared
with buffer at pH 8.5 maintained optimal particle size (149 ±

1 nm), PDI (0.139 ± 0.009), encapsulation (82.6% ± 0.9%), and
transfection (103.9% ± 6.3%) efficiencies. While those prepared
with buffer at pH 9 had similar properties, transfection efficiency
6 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
increased to 197% ± 19.2% after 2 weeks at
4�C. Since our goal was to preserve the LNP
properties of the original stock formulation, a
buffer of pH 8.5 was chosen for use further formulation refinement
studies.

mRNA LNP formulation development: Amino acids and EDTA in

an optimized formulation

In a final attempt to further improve the thermostability of mRNA-
containing LNPs, compounds found to stabilize plasmid DNA within
the film matrix for up to 9 months at RT24 were added to the opti-
mized formulation (OF). Arginine, a cationic, alkaline amino acid,
significantly enhanced transfection efficiency of LNPs stored within
the film matrix after 2 (241.5% ± 9.5%), 4 (268.5% ± 10.7%), and
16 weeks (175.7% ± 44.6%) (Figure 6D). A similar effect was seen
when EDTA, a chelating agent, was added to the OF. This preparation
supported LNPs with transfection efficiencies consistently above
200% for 16 weeks at 4�C. Each of these formulations was also able
to maintain particle size, PDI, and encapsulation efficiency of LNPs
throughout the 16 week study period (Figures 6A–6C). It is also
important to note that the OF alone was also capable of maintaining
bioactivity throughout the first 4 weeks at 4�C (89.8%–103.4%) and
dropped below 18% soon after that. The incorporation of cysteine,
known to prevent oxidation, did not significantly improve transfec-
tion efficiency at the 2 week time point (103% ± 7.7%) but did
improve this value at 4 weeks (210.3% ± 14.3%; Figure 6D). Since
this formulation did not perform as well as the original OF with argi-
nine or EDTA, it was not followed beyond the 4-week time point.

Manufacturing and storage conditions

Films were prepared with the OF formulation (Table S1) under con-
stant airflow at 20�C in chambers set at 52.5%, 49%, 45%, and 40% rela-
tive humidity (RH). For each condition, films were collected when they
appeared dry by visual inspection (sufficient drying) and an hour later
(extended drying; Figures 7A and 7B). The time in which film forming
was complete was significantly reduced in low-humidity environments.
LNPs in films prepared under the sufficient-drying protocol were of
similar particle size (Figure 7A). PDI increased as RH decreased



Figure 5. Buffers of pH 8.5 preserve physical and

biological properties of LNPs within the film matrix

during storage at 4�C
Film base was prepared with several different buffers

ranging in pH from pH 5.5 to 9.0. The internal pH of films

prepared with these buffers and their composition is sum-

marized in Table S3. Films were rehydrated with 10mMTris

buffer pH 8 to determine particle size (A), PDI(B), encap-

sulation efficiency (C), and transfection efficiency (D). In

each panel, data represent the average ± the standard

error of the mean for three replicates for each formulation.

Statistical significance between measurements taken on

day 0 and day 14 within the same formulation was deter-

mined by two-way ANOVA and Sidak’s multiple compari-

son tests. *p < 0.05, ***p < 0.001.
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(blue dots, Figure 7A). Extending the drying time by 1 h significantly
increased LNP particle size (from 160 to 262 nm in the order of
decreasing humidity) and PDI (from 0.293 to 0.462) while encapsula-
tion (from 73.5% to 45.5%) and transfection (from 128.6% to 75.2%)
efficiencies were significantly reduced (Figure 7B).

LNPs stored within the film matrix at 25�C for 14 days demonstrated
a slight increase in particle size (193 ± 29 nm) and PDI (0.199 ±

0.042), while encapsulation efficiency remained at 81.6% ± 1.7%
and transfection efficiency fell to 2.7% ± 0.6% (Figures 7C and 7D).
LNPs in films stored at�20�C did not experience a significant change
in physical and biological properties over the 14-day period. The
impact of environmental humidity on LNP stability within the film
matrix was studied at 4�C. RH did not significantly affect particle
size, PDI, or encapsulation efficiency of LNPs stored within the film
matrix (Figures 7E and 7F). Transfection efficiency was compromised
after 14 days at 4�C regardless of the RH of the storage chamber
(102.9% ± 11.4%, fresh film vs. 24.3%–40.0% in the order of
decreasing humidity; Figure 7F). Taken together, these data suggest
that storage temperature, not RH, significantly affects the transfection
efficiency of mRNA LNPs stored within the film matrix.

DISCUSSION
In this report, we evaluate the impact of a variety of parameters asso-
ciated with incorporation of mRNA LNPs within a film matrix using
current, gold-standard metrics for LNP performance. Particle size,
PDI (a measure of the heterogeneity of the particle size), and encap-
sulation efficiency provide information about the physical character-
istics of LNPs and provide insight into the structure and integrity of
the particles. Transfection efficiency is utilized to assess in vitro activ-
ity and to possibly predict in vivo performance, which requires the
mRNA and lipid particle to be intact. Data summarized here demon-
strate that results obtained from these assays can be conflicting. Par-
ticle size, PDI, and encapsulation efficiency generally follow the same
trend. An increase in particle size and PDI suggests that the lipid
Molecu
layers of the particle within a formulation are
compromised. Particles that may be compro-
mised during the film-forming process or during
long-term storage release mRNA originally contained within the par-
ticle. This is measured as a reduction in encapsulation efficiency with
respect to the original stock LNPs. However, one must realize that the
current assay utilized to measure encapsulation efficiency relies upon
the binding of RNA to a fluorescent dye and the readout interpreted
as the amount of RNA released from the particle. A change in RNA
content (due to degradation) or RNA structure due to loss of interac-
tion with carrier lipids (needed for mRNA to effectively enter and
escape the endosome) significantly affects transfection efficiency
but may not fully be detected by assays currently used to describe
the physical properties of LNPs.30 When assessing transfection effi-
ciency of mRNA LNPs broadly across the literature, one must also
critically evaluate factors that vary considerably between different
research groups and significantly affect results obtained from this
assay, such as cell line and method for normalization of data (i.e.,
by cell number or protein content).

The biggest hurdle to stabilization of mRNA-containing lipid nano-
particles in liquid formulations is keeping the lipid network of the
particle in the lowest energy state. As lipid molecules flex, the energy
associated with this molecular motion rises, slowly increasing particle
size in amanner that supports aggregation, fusion, or eventual disrup-
tion of the particle.31 Molecular flex can also facilitate particle degra-
dation initiated by electrophilic impurities present in ionizable stock
chemicals utilized to prepare LNPs and/or formulate LNP-based
products and that collect during long-term storage in formulated
products. These impurities can accelerate RNA degradation within
the particle, often at a pace faster than free RNA in solution.15,32

This process accelerates as temperature rises and molecular motion
increases or when stabilizing water molecules are removed from
around the lipid shell during the film-forming process (Figure S1).
During this process, the RNA can shift to the aqueous phase of the
particle, which accelerates degradation through hydrolysis and oxida-
tion. This shift can also occur during freezing; however, molecular
motion is then suspended in the frozen and/or solid state. When films
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Figure 6. Excipients that prevent degradation of

recombinant DNA within a film matrix significantly

improve LNP stability at 4�C for 16 weeks

Arginine (0.05%), cysteine (0.005%), and EDTA (1 mM)

were added individually to an optimized formulation (OF)

(Table S1). Films were stored at 4�C for 16 weeks and re-

hydrated with 10 mM Tris buffer pH 8 for measurement of

particle size (A), PDI(B), encapsulation (C), and transfection

efficiency (D). In each panel, data represent the average ±

the standard error of the mean for three replicates for each

formulation. Statistical significance between LNP proper-

ties in aged films and fresh films (week 0) prepared with the

same film formulation was determined by two-way ANOVA

and Dunnett’s multiple comparison tests. *p < 0.05,

**p < 0.01, ***p < 0.001.
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prepared with the OF (at pH 8) were placed at �20�C, physical and
biological parameters remained stable for at least 5 weeks (Figure S7);
however, transfection efficiency was significantly compromised after
2 weeks at 4�C (Figure 7F). Kim et al. also found that in vivo activity of
LNPs containing self-replicating RNA was reduced 2- to 4-fold after
storage at 4�C for 7 days despite a superior stability profile at
�20�C.14 Taken together, this highlights the challenge of stabilizing
LNPs at temperatures above freezing and the complex roles excipients
must fill to maintain LNP stability in the liquid and solid state.

Of the polymers assessed in these studies, hydroxypropyl methyl cel-
lulose (HMPC) was the only polymer that did not compromise trans-
fection efficiency during the film-forming process (Figure 3). HPMC
is available in a variety of grades with different physical and thermal
properties with respect to water absorption and water vapor and gas
permeabilities.33 It can also vary in molecular weight and hydroxy-
propyl/methoxy substituents that influence release of materials
from films, their hydration capacity, and emulsion-stabilizing ef-
fects.34–37 Of the different grades tested, grade K was able to maintain
the best particle shape and transfection efficiency (Figures 3A and
3B). This grade of HPMC contains the lowest methoxy content
(19.0%–24.0%) with a hydroxypropyl content similar to that of the
grade E material (7%–12%), suggesting that an optimal hydroxy-
propyl/methoxy substitution ratio is critical to form a protective ma-
trix around the hydrophilic shells of the LNPs during the film-form-
ing process and upon rehydration (Figures S4 and S5).

Because most mRNA LNP preparations are currently formulated as
injectable products,2,3 initial formulation development focused on
polymers with viscosities ranging from 56 to 169 cps (Figure S4;
Table S2). Since the lowest-viscosity polymer (K100LV) performed
poorly alone (Figure 4), it was mixed in various ratios with the high-
est-viscosity polymer (K4M) in an effort to improve stability of the
LNPs during the film-forming process. While all formulations tested
8 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
improved transfection efficiency of LNPs in
freshly prepared films, those containing each
polymer alone (K100LV in F20 and K4M in
F24) showed an increase in particle size and a
drop in encapsulation and transfection efficiency during storage at
4�C (Figure S4). An additional study was initiated to evaluate stability
of LNPs in films prepared with the K100LV and K4M polymers indi-
vidually. In these preparations, a PEG-conjugated lipid, a common
component of the LNP, was added to the film matrix to support par-
ticle integrity during the film-forming process and long-term storage
(Figure S5). Extraneous PEG-conjugated lipids added to LNP prepa-
rations at concentrations that far exceed the amount normally
included within the particle structure (25%–60% vs. % 15% lipid
molar content) have been utilized to maintain particle size during
nebulization and improve delivery to the lung.9 While those concen-
trations cannot be supported in a film-based dosage form or an inject-
able product, we did find that a very small amount of the lipid
(0.008%) maintained LNP stability while a higher concentration
(0.04%) disrupted the particles during the film-forming process (Fig-
ure 4). DMPC, a PEG-free lipid, was also evaluated as an external
excipient. While it could maintain the physical properties of LNPs,
transfection efficiency was poor, suggesting that it formed a seal
around the LNPs, making them too sturdy to release mRNA for trans-
fection (Figure S5). It is important to note that the concentration of
PEG-conjugated lipid used as an external excipient in our OF is
significantly lower than 0.02%–0.035% w/w, the concentration of
PEG lipid in marketed LNP particles.9 It does not inhibit cell entry
and should not promote any toxic effects such as formation of anti-
PEG antibodies as they were not detected in patients receiving multi-
ple doses of LNP-based COVID-19 vaccines.2 Interestingly, the high-
viscosity polymer maintained the physical properties of the LNPs
within the film matrix better than the low-viscosity polymer (Fig-
ure S5). This effect was also observed for an AAV9 vector that was
successfully utilized as an injectable product.23

Surfactants have been used to produce and stabilize solid lipid nano-
particles. They are generally added in the aqueous phase prior to mix-
ing with the lipid phase containing the drug so that they are present



Figure 7. Manufacturing and storage conditions

significantly affect physical and biological properties

of mRNA LNPs within a film matrix

(A and B) LNPs were dried in a chamber under controlled

airflow, temperature (20�C), and different RH environments.

For each condition, four films were collected at two time

points: sufficient drying, when films looked visually dry; and

extended drying, 1 h after films were determined dry by

visual inspection. Films were immediately rehydrated and

analyzed for particle size and particle distribution (blue dots,

A) and transfection and encapsulation efficiency (orange

dots). (C and D) Impact of storage temperature on particle

size (gray bars) and PDI (blue dots), encapsulation (orange

dots), and transfection efficiency (black bars) of LNPs. (E

and F) Impact of RH on particle size (gray bars) and PDI

(blue dots), encapsulation (orange dots), and transfection

efficiency (black bars) of LNPs. Different humidity condi-

tions were established using desiccants or two-way hu-

midity control packs. In each panel, films were prepared

with OF(Table S1). In each panel, data represent the

average ± the standard error of the mean for three or four

replicates for each condition. In (A) and (B), statistical dif-

ferences between films prepared under each condition was

determined by two-way ANOVA and Tukey’s post hoc

tests. In (C)–(F), statistical differences between freshly

prepared and 2-week-old films stored under each of the

described conditions were determined using two-way

ANOVA and Dunnett’s multiple comparison tests.

*p < 0.05, **p < 0.01, ***p < 0.001.
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on the particle surface.38,39 Surfactants are also a common component
of film-based dosage forms as they facilitate spreading across the
mold surface and wetting of the film during dissolution. They also
lower the surface tension of the filmmatrix, which decreases water ab-
sorption properties of the HPMC base and makes hydrophilic groups
less accessible to water molecules.33 They have also been shown to
play a key role in the thermostabilization and delivery of biological
drugs.22,23,40 However, they were not considered in the early stages
of this project since it was known that surfactants could easily disin-
tegrate the LNP. Careful review of the literature revealed that a non-
ionic surfactant, Pluronic F68, is an important component of chem-
ically defined cell culture medium because it protects cells from
hydrodynamic and bubble-induced shear in bioreactors28 and has
been used in commercial AAV gene therapy products to prevent ag-
gregation.41,42 Adding it and Pluronic F127 to the LNP stock to a con-
centration of 0.006% prior to mixing with the polymer base did not
alter the physical and biological properties of LNPs in fresh films
and improved stability during storage at 4�C (Figure S6). This con-
centration was critical for maintaining LNP stability as lower concen-
trations (0.001%–0.003%) facilitated LNP aggregation after 14 days at
4�C (data not shown). Use of other amphipathic, non-ionic surfac-
tants such as Tween 20, Tween 80, and Brij 58 were not as effective.
Molecu
This suggests that the poly(ethylene oxide)
(PEO)-poly(propylene oxide) (PPO)-PEO tri-
block copolymers when used at a concentrations
much lower than their critical micelle concentra-
tions (Pluronic F127, 0.26–0.8 wt % Pluronic F68, 0.033–0.4 w t
%)43,44 form a molecular dispersion of monomers as they are added
to the viscous film base. Then, surfactant molecules form a network
of protective micelles around the LNPs during the film-forming pro-
cess as water is removed from hydrophilic groups.43 Rehydration of
the film matrix allows the Pluronics to be dispersed as monomers
that align themselves with the PEG lipid and polymer base to main-
tain particle size and transfection efficiency of the LNP.

Glycerol is used to enhance the pliability and flexibility of film-
based products. It is also an established cryoprotectant for cells, tis-
sues, viruses, and liposomes through its ability to reduce ice crystal
formation and changes in osmotic pressure during freezing.45 It has
been shown to maintain the lipid bilayer of liposomes during dry-
ing8 and can form hydrogen bonds with water and free hydroxide
groups on LNPs. Because addition of sugars (i.e., sucrose, trehalose,
isomalt) did not affect LNP properties in freshly prepared films or
enhance 4�C stability, we believe that glycerol protects mRNA
LNPs from dehydration and osmotic change during the film-form-
ing process. It is important to note that the amount of glycerol
needed to support LNP stability within the optimized film matrix
was higher than that required to stabilize other biomolecules
lar Therapy: Nucleic Acids Vol. 35 June 2024 9
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(Figure 3).22,23,40 This, paired with the fact that hydrogen bonding
between plasticizers such as glycerol and polymers such as HPMC
create pockets available for water molecules,33 highlights the impor-
tance of packaging to prevent water absorption from the environ-
ment for film-based products.

Even though we identified a variety of excipients that collectively
improved the physical properties of LNPs during drying and storage,
transfection efficiency was still compromised. Transfection efficiency
depends on both intact lipid shells and mRNA. Realizing that buffer
pH can influence lipid and mRNA degradation, we found that low
pH caused a rapid increase in particle size and loss of transfection in
both liquid (pH 6–6.5; Figure 2) and dry formulations (pH 5.5–6.5; Fig-
ures 2 and 5) due to acid-mediated hydrolysis of lipids and mRNA.
While it is known that strong bonds formbetweenmRNAand ionizable
lipidswithin the LNP, this could not prevent degradationduring storage
at 4�C (Figure 5). This also explains whymRNA-based COVID-19 vac-
cines are formulated at pH 7.5–8 (Table 1), although there are sugges-
tions that keeping the pH below the pKa of the lipids is needed tomain-
tain transfection and stability.46 Increasing the internal pHof the film to
R7, or preparing the film base at pH 8.5–9.0, delayed degradation and
significantly improved mRNA LNP stability for 2 weeks at 4�C
(Figure 5).

In addition to formulation design, operation parameters play a notable
role in stabilizingmRNALNPswithin afilmmatrix. An environment of
52.5% RH did not compromise LNP characteristics during a sufficient
and extendeddrying cycle (Figure 7). Lowerhumidity and longerdrying
times damaged LNPs during the film-forming process, as shown by
increased particle size and reduced encapsulation and transfection effi-
ciencies. mRNA LNPs contain a significant amount of internal water
(24% ± 2%).10 Films prepared with our OF contain 22%–25% residual
water after drying, suggesting that the drying process must maintain
equilibrium between the environment within the LNP and that within
the film matrix. Taken together, this suggests that manufacturing films
in a low-RHenvironment, extending adrying cycle beyond the time that
film formation is complete, and use of formulations with different
tonicity disrupt this balance, causing the LNPs to collapse or swell in
the final product. While environmental humidity was found to affect
the long-term stability of adenovirus, AAV, and plasmids at 25�C and
40�Cwithin a filmmatrix,22–24,40 it did not significantly affect LNP sta-
bility at 4�C (Figure 7). This effect will be studied over a longer duration
and eventually at higher temperatures in our laboratory.

The clinical success of mRNA LNPs within the last 2 years has accel-
erated our understanding of the LNP-based delivery platforms and
inspired a wave of innovation with respect to RNA structure, lipid
compositions, and manufacturing processes that can affect the phys-
ical and biological properties of LNPs. Thus, it is not clear how our OF
and development approach will translate to other mRNA LNP com-
positions. Rapid expansion of the field has also led to the realization
that there are few regulated standards on mRNA LNP products.
While transfection efficiency is one of the key parameters that pro-
gresses a product to clinical use, it can be variable with mRNA
10 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
LNP-based products. To address this issue, freshly thawed mRNA
LNPs stored at�80�C were included in each transfection experiment
as the standard by which to compare LNP stability in freshly prepared
films and within the film matrix during long-term storage.

Stabilization of the intricate structure of mRNA LNPs required
methods that restrict the molecular motion of the particles and their
payloads. This was achieved by storage of a liquid formulation at ul-
tra-low temperatures to quickly distribute a vaccine to mitigate a
surging number of infections during the COVID-19 pandemic. How-
ever, it also posed a significant barrier to rapid and efficient distribu-
tion of vaccines to many countries around the globe, such as Vietnam,
whose Expanded Program on Immunization had no capacity for stor-
ing vaccines at �80�C to �70�C.47 Here, we have identified an opti-
mized formulation containing a panel of hydrophilic excipients that
created a preparation with a slightly increased particle size
(<10 nm), a decrease of 5% in encapsulation efficiency, and no loss
in transfection efficiency for 16 weeks (Figure 6). This, paired with
the report that LNPs in the range of 60–150 nm retained immunoge-
nicity in non-human primates, suggests that a modest increase in
LNP particle size is not indicative of poor LNP clinical performance.38

While 16 weeks may not seem like a significant period of time for the
stability profile of a drug product, the first doses of Comirnaty
reached clinical testing sites 41 days after manufacture, which is
well within the stability profile of our formulation.48 This, paired
with the development of a global network of manufacturing sites,
could significantly improve last-mile distribution and access to
mRNA vaccines to communities that need them the most.

The results summarized here represent a notable transition in the
search for stabilization technologies that remove the need for frozen
storage for mRNA LNP-based products. The films utilized in these
studies were prepared from excipient stock solutions that were sterile
filtered. Films were dried, peeled, and packaged in particle-free bags
under HEPA filtered airflow. We envision scaled-up production of
films to involve dispensing formulations containing LNPs in unit
dose molds similar to foil blister packs in which films are dried under
class 100 conditions. Once drying is complete, molds are heat sealed.
Transport of these blister packs would be space and resource sparing
compared to traditional glass vials and syringes. While our data sup-
port stability of LNPs if films were inadvertently frozen, which some-
times happens during storage under refrigerated conditions49 (Fig-
ure S7), it is not clear how repeated freeze-thaw cycles would affect
LNP stability within our optimized film matrix. This may be of
concern given that our films contain significantly more moisture
than what was found for adenovirus- and AAV-containing films,
which offered protection over a series of 16 freeze-thaw cycles.22,23

At the point of use, a syringe can be used to inject sterile saline into
the mold to dissolve the film and the resulting solution drawn up
for injection. To our knowledge, this is the first report in which
criteria for stabilization of mRNA LNPs within a film matrix has
been extensively characterized. Studies to build upon this work and
extend stability at 4�C and 25�C are currently underway in our
laboratories.
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MATERIALS AND METHODS
Materials

Dulbecco’s phosphate buffer solution (DPBS), Trizma base [2-amino-
2-(hydroxymethyl)-1,3-propanediol] (Tris), PVA, Pluronic F127, su-
crose, and trehalose were purchased from Sigma-Aldrich (St. Louis,
MO). Glycerol (United States Pharmacopeia grade), and Aqualine
Complete 5 solvent were purchased from Thermo Fisher Scientific
Chemicals (Fair lawn, NJ). Dulbecco’s modified Eagle’s medium
(DMEM), penicillin (10,000 IU) and streptomycin (10,000 mg/mL),
and 0.25% trypsin EDTA sterile solution were purchased from Medi-
atech (Manassas, VA). Pluronic F68 was purchased from Gibco Life
Technologies (Grand Island, NY). Fetal bovine serum was purchased
from Mediatech (Corning, Woodlands, CA). Hydranal Formamide
Dry was purchased from Honeywell (Charlotte, NC). Methanol,
99.8% extra dry, was provided from Acros Organics (Fair Lawn,
NJ). Pullulan was obtained from TCI chemicals (Tokyo, Japan).
Gelatin powder type A, 300 bloom, was purchased from Electron Mi-
croscopy Sciences (Hatfield, Pennsylvania). Compounds DMPE-PEG
(Sunbright PM-020CN), DMG-PEG, and DMPC were purchased
from NOF America (White Plains, NY) and Avanti Polar Lipids
(Alabaster, AL), respectively. Polyethyleneimine (Linear, MW
25000, transfection grade) was purchased from Polysciences (War-
rington, PA). Lipofectamine 2000 CD was purchased from Thermo
Fisher Scientific Baltics (Vilnius, Lithuania). All other chemicals
were of analytical reagent grade and purchased from Thermo Fisher
Scientific (Pittsburgh, PA) unless specified otherwise.
Plasmid preparation

Transfection-grade plasmid (pAAV-LacZ, AAV Helper-Free System
Stratagene, La Jolla, CA) was amplified in Escherichia coli (HB101
Competent cells, Promega, Madison, WI) and purified using Qiagen
Maxi Plasmid kits (Qiagen, Germany). Plasmid stock (optical density
[OD] 260/280 ratio 1.7–1.9) was diluted to a concentration of 1–2mg/
mL with 10 mM Tris buffer, pH 8, and stored at �20�C.
Preparation and storage of films containing plasmid complexes

PEI-DNA complexes were formed by adding 25 mg of pAAV-LacZ in
400mL ofmedium to 100mg of PEI in 400mL ofmedium. Lipofectamine
(LPF)-DNA complexes were formed by adding 20 mg of pAAV-LacZ in
250 mL (total volume) of Opti-Pro SFMmedium (Gibco, Thermo Fisher
Scientific) to 20mLof LPF in 250mL (total volume) ofOpti-Pro SFMme-
dium. Samples remainedatRT for 20min.At this time, 800-mL solutions
containingPEI-DNA complexes weremixedwith 200mL of film formu-
lation for a final DNA concentration of 25 mg/mL. Solutions containing
LPF-DNA complexes were mixed with film formulation at a v/v ratio of
1:1 for a final DNA concentration of 20 mg/mL. The resulting solutions
were dispensed into 100-mL silicon molds (Bold Maker, Amesbury,
MA). All films were dried under aseptic conditions at 20�C.When dry-
ingwas complete, a subset offilmswere reconstituted in transfectionme-
dium for analysis of loss due to drying. Remaining filmswere peeled and
placed in Ziploc-like particle-free bags (AmericanCleanstat, Irvine, CA)
inside a heat-sealed foil bag (Ted Pella, Redding, CA). For most stability
studies summarized here, packaged films were stored in stability cham-
bers (Binder, Tuttlingen, Germany) set at 25�C, 60% RH, or at 4�C,
40%–50% RH. Details of each formulation are summarized in Table S1.

Transfection (plasmid)

HEK293 cells (CRL-1573, ATCC,Manassas, VA, passage 12–26) were
seeded in 12-well plates (Falcon, Corning, Durham, NC) at a density
of 7� 105 cells/well. When they were 80% confluent, culture medium
was changed. One hour later, plasmid (1 mg) in 50 mL of Opti-MEM
(Life Technologies, Grand Island, NY) was mixed with 4 mg of PEI in
50 mL of Opti-MEM. The resulting solution was incubated at RT for
20 min prior to addition to cells. For LPF-mediated transfection,
plasmid (1 mg) in 12.5 mL of Opti-Pro was mixed well with 1 mL of
LPF in 12.5 mL of Opti-Pro before dilution to a concentration of
1 mg of pAAV-LacZ/100 mL of medium per well. Rehydrated films
were diluted to a final concentration of 1 mg/100 mL for transfection
assays. Cells were then incubated at 37�C, 5% CO2, and culture me-
dium replaced every 24 h. Forty-eight hours after transfection, cells
were harvested for assessment of transgene expression.

Transfection efficiency (plasmid)

Analysis of beta-galactosidase expression was performed using a
colorimetric assay based on an enzyme-mediated reaction with
ortho-nitrophenyl-b-galactoside (ONPG). At the time of harvest, cells
were washed with PBS prior to treatment with Reporter Lysis buffer
(Promega, Madison,WI). After a freeze/thaw cycle and centrifugation
at 14,000 rpm for 1 min, 10 mL of diluted supernatant was mixed with
150 mL of 14.3 M b-mercaptoethanol in 100 mM phosphate buffer at
pH 7.5 and held at 37�C, 5% CO2, for 5 min. At that time, 50 mL of
4 mg/mL ONPG stock was added to the sample. After 2.5 min, color
development was stopped by adding 90 mL of 1 M Na2CO3. Absor-
bance at 420 nm for each sample was recorded. Transfection effi-
ciency is expressed as the amount beta-galactosidase present per
milligram of cell protein in a given cell population for each formula-
tion with respect to cells transfected with freshly made PEI-DNA or
LPF-DNA complexes prepared from plasmid stored frozen in Tris
(pH 8).

Preparation and storage of films containing mRNA LNPs

LNPs, generously supplied by Greenlight Biosciences, were prepared
by a proprietary manufacturing process, concentrated (1.5�) and
sterile filtered prior to storage and shipment at % �65�C. Prior to
storage, the preparation was tested for critical attributes that are sum-
marized in Figure S3. On the day of film preparation, an aliquot of this
stock (in 10% sucrose/Tris buffer, pH 8) was diluted to a concentra-
tion of 0.4 mg mRNA per milliliter. Note that reported LNP concen-
trations in this paper refer tomRNA concentrations. Bulk film formu-
lations were prepared by first adding PEG lipids (4% stock in water) to
10 mMTris buffer. Then, a volume of mRNA LNP stock equivalent to
25% of the total bulk formulation volume was added and gentlymixed
three times. Surfactants, if used in a formulation, were added to the
resulting solution with gentle mixing. A mixture of polymer base pre-
pared in 10 mM Tris buffer and glycerol (100%, USP grade) was
incorporated last so that the final LNP concentration was 0.1 mg/
mL. The final mixture was dispensed into 100-mL siliconemolds using
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an E3 Repeater pipette (Eppendorf, Hauppauge, NY) and dried under
constant airflow, ambient (20�C ± 1.5�C, 1 atm, 52.5% RH), and
aseptic conditions. Temperature and humidity were monitored dur-
ing the film-forming process with an Ambient Weather WS-3000-
X5 Wireless Thermo-Hygrometer (Chandler, AZ). Once dry, films
were peeled and rehydrated in 100-mL sterile Tris buffer pH 8 for
10 min at RT before gently mixing 10 times to ensure solutions
were homogeneous. The resulting solution was then diluted 20-fold
in PBS for transfection, 40-fold in nuclease-free Tris-EDTA for
encapsulation efficiency, and 500-fold in 0.1� PBS for dynamic
light-scattering assays.

Physical characterization of LNPs: Dynamic light scattering

Samples were placed in cuvettes and hydrodynamic particle size
measured at 25�C and a 173� backscatter angle using a Zetasizer
ZS90 instrument (Malvern Instruments, Worcestershire, UK). Pa-
rameters were set for a particle refractive index of 1.45, absorption
of 0.001, diluent viscosity of 0.888 cP, and refractive index of
1.335. Data were analyzed with Malvern Zetasizer Software version
8.00.4813.

Encapsulation efficiency

Quant-it RiboGreen Assay kits were utilized to determine encapsula-
tion efficiency of LNPs in stock and various formulations (Thermo
Fisher Scientific, Eugene, OR). The total amount of mRNA in a sam-
ple was determined by treating an aliquot of that sample with 0.5%
Triton X-100 for 14 min. The RiboGreen reagent was added to all
samples and fluorescence intensity (excitation at 480 nm and emis-
sion at 520 nm) measured 5 min later. Total and free mRNA concen-
trations in each sample were calculated using a mRNA standard curve
in the range of 15–1,000 ng/mL. Encapsulation efficiency was deter-
mined based on the following equation.

Encapsulation Efficiency ð%Þ =
Total mRNA � Free mRNA

Total mRNA
� 100

Transfection efficiency (mRNA LNP)

H1 HeLa cells (ATCC CRL-1958, passage 6–30) were seeded in
96-well plates (Thermo Fisher Scientific, Waltham, MA) at a density
of 2 � 104 cells/well. Twenty-four hours later, medium was replaced
an hour before samples containing mRNA LNPs equivalent to
50 ng of mRNAwere added to each well. Twenty-four hours later, cul-
ture medium was replaced with 100 mL of Glo Lysis Buffer (Promega,
Madison, WI) and luciferase expression measured using the Pierce
Firefly Luc One-Step Glow Assay Kit (Thermo Fisher, Rockford, IL)
according to the manufacturer’s instructions. A portion of the lysate
was also used to determine the protein content in each sample by
Pierce BCA Protein assay kit (Thermo Fisher, Rockford, IL). Trans-
gene expression in each sample was reported as RLU/mg protein
and transfection efficiency calculated using the following equation:

Transfection Efficiency =
RLU sample

�
Cprotein sample

RLU control
�
Cprotein control

� 100
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Rheology

Viscosity of formulations was measured using an LVDV Brookfield
viscometer (Brookfield AMETEK, Middleboro, MA). The cylinder
sample adapter spindle (SC4-21) was lowered into the sample cham-
ber (SC4-13R) filled with 8 g of formulation. The spindle was rotated
at 20 rpm and torque (%) and viscosity (cP) recorded.

Residual moisture

Films were completely dissolved in 1 mL of extraction solvent (1:1 v/v
ratio anhydrous formamide to extra-drymethanol) at 50�C and resid-
ual moisture determined as described previously.23,24

Statistical analysis

Statistical analysis of data was conducted using Prism software
(GraphPad Prism v.10.2.1, San Diego, CA).
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