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Abstract

Lipid nanoparticles (LNPs) have emerged as effective delivery systems for nucleic acid therapies, exemplified by the success
of Moderna and Pfizer/BioNTech COVID-19 vaccines. However, these therapies still present significant shelf-life stability
limitations, often requiring conservative cold chain storage conditions. Given the hurdles associated with cold chain sup-
ply, it is critical to overcome the stability challenges of these therapies. Drying technologies, such as spray drying (SD),
can improve stability by removing water and preventing RNA hydrolysis and degradation. Nonetheless, shear and thermal
stresses from SD can introduce additional risks to both the nucleic acid and the delivery system. Here, microfluidics was
used to produce ribonucleic acid (RNA)-loaded LNPs with high encapsulation efficiency (>95%), which were subsequently
used to optimize the SD. A thorough process and formulation optimization was performed to maintain the LNPs’ colloidal
stability and nucleic acid encapsulation efficiency after spray drying. Poloxamer 188 (P188) proved crucial in protecting
LNPs from shear stress possibly due to its ability to insert itself within lipid layers, allowing the maintenance of colloidal
stability during SD. Additionally, SD was benchmarked against freeze drying (FD) as an alternative low shear drying
technology. Overall, the study demonstrates the importance of optimizing the SD process to enhance nucleic acid-loaded
LNPs' stability and delivery potential.
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Introduction

Lipid nanoparticles (LNPs) are currently the preferred car-
rier for nucleic acid delivery [1, 2]. These delivery vehicles
can protect the nucleic acid against degradation and facili-
tate their targeted delivery to specific cells or tissues [3].
However, marketed mRNA-LNPs still require conservative
storage conditions (- 20 °C and—=80 °C for Moderna and
Pfizer/BioNTech COVID-19 vaccines, respectively), which
are expensive and difficult to ensure [4]. Also, these require-
ments slow down and hamper the distribution of these thera-
peutics, especially in impoverished countries with insuffi-
cient storage facilities [5, 6].

Frozen storage is typically used to mitigate hydrolysis,
which is the main source of mRNA instability [7]. Hence,
water removal through drying may be considered as an alter-
native approach to enhance stability and extend shelf life [5-7].
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Formulated as dry powders, mRNA-loaded LNPs could proba-
bly be distributed worldwide with a less conservative or absent
cold chain supply. Nevertheless, biomolecules are exposed to
different stress sources during drying process that may affect
the dried product’s critical quality attributes (CQAs) [8]. Pro-
cess- and formulation-based strategies can be successfully
leveraged to mitigate the effect of such stresses and enhance
the storage stability of biopharmaceutical dry powders [8—10].

Various technologies are employed in the pharmaceuti-
cal industry to produce dry powders of biopharmaceuticals,
with freeze drying (FD) being the gold standard approach
[11]. In this process, the feed solution is typically loaded
inside vials into the freeze dryer, frozen and subsequently
dried by sublimation at low temperatures and under vacuum
[12]. Despite the freezing stress involved, FD is considered
a mild technology to process thermolabile biomolecules [8].
Additionally, the inherent high processing yields combined
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with established status within the pharmaceutical industry,
including for aseptic processing, have positioned FD as the
preferred technology to dry biomolecules [8]. Encouraging
results have also been reported for nucleic acid-loaded lipid
nanoparticles, with Pfizer announcing clinical trials for a
freeze-dried Covid-19 vaccine formulation [13].

Spray drying (SD) is a particle engineering technology
that presents several advantages over FD, including being a
continuous process with higher throughputs, and the ability to
tailor particle characteristics for diverse delivery routes (e.g.,
pulmonary) [14]. Despite being well-established in the phar-
maceutical industry, SD is often disregarded for processing
biomolecules due to the apparent high drying temperatures
and atomization shear stresses [8]. Nevertheless, processing
variables such as evaporative cooling, and short residence time
enable SD as a mild technology [15, 16]. SD has been used to
produce several commercial biopharmaceuticals, even under
aseptic conditions [17]. More recently, at R&D environment,
dried mRNA-LNPs for pulmonary delivery were produced
by SD, using formulations comprising sugars and/or polyols
(e.g., trehalose, mannitol) and amino acids (e.g., leucine and
trileucine) [18, 19]. Moreover, Merkel and co-workers [20, 21]
reported the use of SD to improve the stability of small inter-
fering RNA (siRNA)-loaded LNPs for pulmonary delivery.

In the SD process, the feed solution is atomized in a nozzle
placed at the top of a drying chamber to form fine droplets
[22]. These droplets are subsequently dried with a drying
gas stream, and the resulting dried particles are then sepa-
rated from the gas stream, typically using a cyclone [22]. The
atomization step is crucial, as it directly affects the particle
characteristics of the dried product. The shear stress required
to atomize the feed solution can also impact the stability of
the biomolecules and nanoparticles [23]. Among atomizers,
two fluid nozzles (2 FN) are the most commonly used. In
these atomizers, droplets are formed due to the shear forces
exerted by a high-velocity atomizing gas on the liquid surface
[24, 25]. The resulting droplet size is directly proportional to
the cap diameter and the feed flow rate (Fp..4), while inversely
proportional to the atomization gas flow rate (F,,,) [26].

The atomization ratio (R,,.,,) (Eq. 1), a metric of shear
stress in 2 FN, indicates that higher R, values produce
smaller droplets but also increase the product’s exposure
to greater shear stress [27]. Optimizing the R, in SD
process is crucial to minimize the shear stress impact on
the product. Additionally, formulation strategies incorpo-
rating amphiphilic excipients, such as surfactants, can be
employed to further mitigate this effect [8, 28].

Famm

R (1

atom —

F, feed

This work focuses on the optimization of the SD pro-
cess to enhance the stability and delivery potential of

RNA-loaded LNPs. Microfluidics was primarily employed
to produce neutrally charged, monodisperse populations of
LNPs with Z-Average in the 40-200 nm range. The SD pro-
cess and drying matrix were then fine-tuned to minimize
the impact of shear stress during atomization, preserving
LNPs'colloidal stability. Finally, SD was benchmarked
against FD, as an alternative low-shear drying technology,
to validate SD potential as a drying technology for RNA-
loaded LNPs.

Materials and Methods
Materials

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
1,2-dioleoyl-3-trimethylammonium-propane (chloride
salt) (DOTAP), and 1,2-Dimyristoyl-rac-glycero-3-meth-
oxypolyethylene glycol-2000 (PEG-DMG 2000) were
obtained from Avanti Polar Lipids. 1,2-distearoyl-sn-glyc-
ero-3-phosphocholine (DSPC) was purchased from Lipoid.
EZ Cap™ EGFP mRNA (5-moUTP) was purchased from
APEXBIO. Ethanol 99% was bought from AGA. RiboGreen
and TE-buffer were purchased from Thermo Fisher Scien-
tific. Sucrose, poloxamer 188 (P188), cholesterol, sodium
acetate anhydrous, tRNA, Triton X 100 and acetonitrile
(ACN) were obtained from Sigma-Aldrich. Trehalose was
obtained from VWR. Acetic acid glacial 100%, and leu-
cine, were purchased from Merck. Poloxamer 407 (P407)
was purchased from BASF. Triethylamine (TEA) was pur-
chased from PanReac AppliChem. 10% SDS Solution was
acquired from Bio-Rad.

Methods
Production of RNA-loaded Lipid Nanoparticles

Placebo and RNA-loaded LNPs were produced with a
staggered-herringbone micromixer (SHM) microfluid
chip from Dolomite (Dolomite, UK). The microfluidic
chip was connected to 10 mL luer-lock disposable plastic
syringes (HENKE-JECT®) (VWR, Portugal) containing
the different aqueous and organic solutions, through a
tube (inner diameter: 0.5 mm, outer diameter: 1.6 mm).
The aqueous and organic flow rates were controlled by
syringe pumps (NE-1000 SyringeONE Programmable
Syringe Pump, New Era Pump Systems Inc., USA) at a
1556 uL min~! and 444 pL min~!, respectively. Aqueous
phase consisted of 100 mM sodium acetate buffer pH 5.0
and the organic phase was prepared by mixing different
mass ratios of lipids in ethanol. The organic solution was
filtered through 0.45 pm filter (Millex-CV, Merck Milli-
pore, USA) prior to each experiment to eliminate particles
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which might block the channels or influence flow condi-
tions. The resulting aqueous dispersions of lipid nanopar-
ticles were collected from the outlet tube and stored at 4
°C, until further processing.

Stability tests

The storage stability of tRNA-loaded DOTAP-LNPs was
evaluated for 16 weeks under different storage conditions:
room temperature, 2—8 °C, and —20 °C without any stabi-
lizing excipient. In this regard, the sample was divided into
Eppendorfs and a different Eppendorf was taken from each
condition and analyzed at each pre-determined timepoint.
The stability of the LNPs was evaluated through DLS and
EE analysis, according to the described methods in the fol-
lowing Sects. "Dynamic Light Scattering" and "Encapsula-
tion Efficiency", respectively.

Spray Drying

A lab-scale Biichi spray dryer (Biichi, Switzerland) was
used to produce different formulations of LNPs dry pow-
ders. The spray dryer was equipped with a two fluid nozzle
(0.7/1.5 mm tip/cap) refrigerated by external water bath
re-circulation. The spray drying unit was operated in open
loop mode and the flow rate of drying nitrogen was set at
40 kg h™!. Before initiating each experiment, the equip-
ment was stabilized first with nitrogen gas and later with
solvent until the outlet temperature (T,,) was constant.
After stabilization, the feeding was commuted to the feed
solution and the trial initiated. The mass feed flow rate
to the nozzle was maintained with a peristaltic pump and
the atomizing gas mass flow rate was varied throughout
the experiments by adjusting the rotameter. Unless oth-
erwise stated, all trials were performed with a R, of
4.6 and at an inlet temperature (T;,) of 120 °C. The feed
solution consisted of LNPs in different drying matrices.
The dried product was separated from the gas stream in a
high-performance cyclone and collected in plastic falcons.
At the end of each trial, the feed solution was commuted
to solvent to rinse the feed line and carry out a controlled
shut down of the unit.

Shear Stress Test

The isolated effect of the spray drying atomization shear
rate was evaluated through stress tests for different formu-
lations. A two-fluid nozzle was used to atomize, at distinct
R, iom-> the feed solution into fine droplets, which were col-
lected immediately after atomization. The impact of the
atomization shear stress was evaluated on the atomized
LNPs’ hydrodynamic diameter (Z-Average) and polydis-
persity index (PdI) by DLS.

@ Springer

Freeze Drying

Lipid nanoparticles were lyophilized in a Virtis Advantage
Freeze Dryer (SP Scientific Virtis, USA) coupled with a
RV8 Vacuum pump from Edwards. Briefly, 1 mL of sam-
ple, consisting of LNPs in different drying matrices, was
used for each trial, unless otherwise stated. Two different
freezing cycles (A and B) were used to evaluate the impact
of the freezing time. In cycle A (Fig. 1a), glass vials con-
taining the samples were placed inside the freeze dryer,
previously refrigerated to 4 °C. After 1 h at 4 °C, the freez-
ing step started as the temperature decreased to —40 °C
over 1 h. After 5 h of freezing, primary drying proceeded
at —40 °C and 200 mTorr vacuum. After 36 h of primary
drying, the temperature increased to 20 °C over 2 h and
secondary drying took place over 8 h. In cycle B (Fig. 1b),
the glass vials containing the samples were frozen in a
freezer at —80 °C or —20 °C overnight. After freezing, the
vials were placed inside the freeze dryer, previously refrig-
erated to —40 °C and the FD cycle was initiated. In this
cycle, primary and secondary drying steps occurred under
the same processing conditions described for cycle A.

Differential Scanning Calorimetry

The thermal stability of the different lipids was evalu-
ated with differential scanning calorimetry (DSC) in a
DSC 250 TA Instruments (TA Instruments, USA). Alu-
minum pinhole pans loaded with 3 to 5 mg of the sample
material were used. The sample material was accurately
weighed in a Mettler Toledo XPE26 analytical scale. The
samples were equilibrated at —50 °C, the temperature was
modulated at 1 °C every 60 s and then it was maintained
constant for 1 min. Finally, the samples were heated at
2 °C per minute until the temperature reached 250 °C. The
instrument was calibrated daily with indium.

Reconstitution of Lipid Nanoparticles Dry Powders

Before characterization, the dry powders were reconsti-
tuted with Milli-Q water at room temperature. The water
was slowly injected through the wall of the vial and then
the samples were slowly agitated by performing up &
down movements with a micropipette. After complete
reconstitution by visual inspection, the samples were
analyzed.

Dynamic Light Scattering

Dynamic light scattering (DLS) was performed in a Zeta-
sizer Nano ZS from Malvern (Malvern Instruments, UK).
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Fig. 1 Freeze drying cycles: a cycle A with the freezing step inside the FD and b cycle B with the freezing step at —80/—20 °C, outside the FD

Z-Average and PdI were measured in disposable cells at a
scatter angle of 173° assuming that the material was poly-
styrene latex (refractive index 1.590, absorption 0.010)
and the dispersant was water (viscosity 0.8872 cP, refrac-
tive index 1.330). The measurements were made in tripli-
cate at a temperature of 25 °C with an equilibration time
of 120 s. Zeta potential was measured in a folded capillary
cell (DTS1070 from Malvern) assuming that the mate-
rial was polystyrene latex, and the dispersant was water
(dielectric constant 78.5). The measurements were made
in triplicate at a temperature of 25 °C with an equilibration
time of 120 s.

Encapsulation Efficiency

The tRNA encapsulation efficiency (EE) was determined
using the RiboGreen® assay (Quanti-IT™ RiboGreen®,
Invitrogen, USA) in flat bottom black 96-well plates from
ThermoFisher (ThermoFisher Scientific, USA). Samples
were analyzed at a final tRNA concentration of 1 pg mL™".
In half of the wells, 50 pL of 2% (v/v) of TE-Triton Buffer
was added to lyse the lipid nanoparticles. 1% (v/v) TE-buffer
was added to each well to achieve a final volume of 100
pL and the plate was then incubated at 37 °C for 10 min.
After incubation, 100 pL of 1% (v/v) RiboGreen reagent
was added to each well and sample fluorescence measured at
25 °C using a Synergy HTX microplate reader from BioTek
(Aem =520 nm and Aex =480 nm) (Biotek, USA). Each
sample was measured in triplicate and the tRNA concen-
tration was determined using a standard curve. The tRNA
encapsulation efficiency was calculated by the difference

between the tRNA fluorescence in the presence and absence
of TE-Triton Buffer (Eq. 2).

_ Total tRNA — Unencapsulatedt RNA

EE
Total tRNA

(@)

mRNA Integrity

mRNA integrity was assessed by reversed phase ion pair
chromatography (RP-IP). The mRNA was extracted from the
mRNA-LNP formulations using 0.1% SDS solution. Briefly,
0.1% SDS soliton was mixed with the mRNA-LNP sample
(1:1 (v/v)) and vortexed for 15 s (VWR, Portugal). Sample
separation was performed on a DNAPac RP column with
4-um particles and dimensions of 2.1 X 100 mm (Thermo
Fisher Scientific, USA) at a flow rate of 0.45 mL/minute
and column temperature of 80 °C. Mobile phase A consisted
of 0.1 M Triethylamine Acetate (TEAA) buffer and mobile
phase B consisted of 50:50%v/v acetonitrile (ACN) (Sigma-
Aldrich) and 0.1 M TEAA buffer. Separation was accom-
plished by step-gradient with an initial 2-min hold at 82.5%
mobile phase A and 17.5% mobile phase B; a 5.0-min gradi-
ent from 17.5% to 45% mobile phase B hold for 3 min. Then,
0.1-min gradient to reach 100% ACN and hold for 4.9 min.
At 15.10 min, a return to initial conditions of 82.5% mobile
phase A and 17.5% mobile phase B in a 0.1-min gradient and
hold for 1.9 min. Autosampler was kept at 4 °C to minimize
mRNA degradation. Approximately, 0.01 pg of mRNA (10
pL of sample) were injected. mRNA was detected by UV at
260 nm. The chromatographs were collected, and the areas

@ Springer
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under the peaks were integrated using Empower Version 2.0
(Waters, Milford, MA, USA).

Results and Discussion
Spray Drying of Lipid Nanoparticles
tRNA-LNPs Production by Microfluidics and Stability

tRNA-loaded LNPs were prepared by microfluidics method
using TFR =2000 pL min~! and FRR =3.5:1 by adding
the tRNA in the aqueous phase. tRNA-loaded DOPE and
DOTAP-LNPs were produced with a N/P of 3. This N/P
is being used in Onpattro® (siRNA-LNPs) which is closer
in molecular weight to tRNA, when compared to mRNA
(Table I) [29].

DOPE is an ionizable lipid, but it remains neutral at
the working pH, making it unable to form complexes with
tRNA and yielding a poor encapsulation efficiency within
the LNPs. These findings are consistent with prior research,
which highlighted the necessity of employing ionizable/cati-
onic lipids that are positively charged at the working pH to
encapsulate negatively charged nucleic acids within LNPs
[30]. The increase in the Z-Average observed for DOPE-
LNPs when tRNA was introduced in the processing aque-
ous stream may be related with process variability since no
tRNA was encapsulated in the LNPs.

Oppositely, DOTAP demonstrated capability in encap-
sulating tRNA. Upon tRNA encapsulation, DOTAP-LNPs
showed an increase in LNPs'Z-Average and PdI in com-
parison to the placebo nanoparticles produced under the
same conditions, which is aligned with previous literature
reports [31]. This increase in Z-Average for tRNA-loaded
LNPs is likely a result of the tRNA being successfully
encapsulated within the LNPs, as supported by the high
tRNA encapsulation efficiency achieved (> 90%). Regard-
ing the LNPs'surface charge, no significant differences were
observed, as the LNPs maintained a neutral charge [32].

LNPs have been reported to be susceptible to both chem-
ical and physical degradation [33]. Chemical degradation
may include oxidation and hydrolysis while physical degra-
dation typically includes aggregation, fusion, or leakage of
encapsulated material [33]. For example, the siRNA-loaded

LNPs formulation of Onpattro® presents a three-year shelf
life when kept at 2—8 °C and should not be frozen [34]. To
optimize the storage conditions that would better maintain
the LNPs” CQAs throughout the present study, the storage
stability for tRNA-loaded DOTAP-LNPs was evaluated for
different storage conditions (Fig. 2).

The tRNA-loaded LNPs stored at room temperature
and at 2-8 °C maintained consistent colloidal stability,
as indicated by the unchanged Z-Average (from 48 to 62
nm) and PdI (from 0.160 to 0.205) values throughout the
study period. This is in agreement with the report of Suzuki
and coworkers [35], who did not observe any alteration in
colloidal stability for similar LNPs stored at 4 °C over an
18-month period.

For the samples stored at —20 °C, an increase in both
Z-Average (from 48 to 104 nm) and PdI (from 0.160 to
0.267) was observed immediately after the first timepoint,
indicating the freezing/thawing of bare LNPs resulted a sig-
nificant impact on colloidal stability. Up to the fourth week,
the Z-Average remained practically unchanged, while after
the fourth week an increasing tendency in both Z-Average
and PdI was observed up to the final week. Nonetheless, the
loss off colloidal stability upon frozen storage is expected
as the formation of ice crystals and phase separation has
been reported to negatively affect lipidic drug delivery sys-
tems [36-38]. However, some of the marketed RNA-LNPs
therapeutics are being stored at —20 °C/-80 °C (e.g., Mod-
erna and Pfizer/BioNTech Covid vaccines) while maintain-
ing colloidal stability [39]. It is important to highlight that
these marketed formulations also contain other excipients
in their formulations, which may act as cryoprotectants and
prevent loss of colloidal stability during storage at sub-zero
temperatures [33, 39].

Regarding encapsulation efficiency, no differences were
observed in the encapsulation efficiency during the time
of the study as it remained above 98% for all storage con-
ditions. Consequently, the increase in Z-Average and PdI
observed for the LNPs stored at —20 °C did not result in the
leakage of the encapsulated nucleic acid. According to lit-
erature reports, the RNA release from LNPs during storage
is not expected to occur [33].

Typically, biological molecules are maintained under cold
storage conditions to prevent degradation [39, 40]. Consid-
ering that in this case, it was not possible to assess tRNA

Table | Z-Average, Pdl, zeta potential, and encapsulation efficiency of DOTAP and DOPE-LNPs with tRNA loaded at an N/P of 3 and placebo

Ionizable/cati-  Z-Average Pdl Zeta Potential Encapsulation Efficiency
onic lipid (nm) (mV) (%)

N/P =3 Placebo N/P =3 Placebo N/P =3 Placebo N/P =3 Placebo
DOTAP 46.8 +0.4 38.0 £0.1 0.13 +£0.01 0.10 £0.00 1.1 £0.1 -0.6+£0.8 98.9+04 NAP
DOPE 84.7 £0.5 78.4+0.8 0.21 +£0.01 0.17 +£0.01 -0.1+£0.0 -02+0.1 NAP NAP
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integrity for the different storage conditions and that no signif-
icant differences were observed in terms of colloidal stability
between room temperature and 2—-8 °C, the latter is suggested
as storage condition for following studies as a conservative
approach. However, the combination of formulation and pro-
cessing rendered LNPs’ able to maintain the encapsulation
efficiency of the nucleic acid even at room temperature.

Process Optimization

Different experiments were carried out to optimize the
SD process for LNPs, while considering the impact of
shear stress and thermal stress on their colloidal stability
(Table II). All experiments were carried out using a standard
drying matrix formulation of 10% (w/v) of trehalose, as it
has been previously used to dry different lipid-based systems
[36-38, 41, 42].

The first set of experiments focused on evaluating the
impact of shear stress by adjusting the atomizing gas flow
rate while maintaining a constant feed rate (Table II). The
decrease in R,,,, resulted in the formation of larger drop-
lets, requiring higher temperatures during drying. To address

Z-Average of LNPs stored at -20 °C A

— 1.0

— 0.8

— 0.6

IPd

I 0.4
5 | & -
B Bl oA AL o2

— T I T 0.0
3 4 6 8 10 16

Time (Weeks)

Pdl of LNPs stored at room temperature
Pdl of LNPs stored at 2-8 °C

Pdl of LNPs stored at -20 °C

this, a compromise was made by increasing the temperature
to avoid wetting the SD chamber walls.

While trials A and B were successfully performed, tri-
als C, D, and E encountered processing limitations. The
incomplete drying of the produced droplets was primarily
observed visually, as droplets were noted along the walls
of the drying chamber — an indicator of suboptimal drying
conditions during the spray drying process. Visual obser-
vations strongly suggested incomplete evaporation, likely
due to process parameters such as lower atomization ratio
(larger droplets), insufficient inlet temperature, inadequate
residence time, or chamber length.

During the SD process, temperature can potentially
cause lipid phase transitions in the LNPs, leading to fusion,
aggregation, or alterations in the LNPs’ structure [43]. These
changes could impact the colloidal stability and the integ-
rity of the encapsulated biomolecule [43]. However, no cor-
relation was found between the inlet temperature and the
Z-Average nor PdI. These findings are likely correlated with
factors such evaporative cooling and short residence times,
which reduced the LNP’s thermal exposure during the SD
process [44, 45].

Table Il DOPE-LNPs’

Trial T;, (°C) Ryom Z-Average before PdI before SD Z-Average after  PdI after SD
Z-Average anddeI l?efore and SD (nm) SD (nm)
after spray drying trials A-E
A 70 8.3 66.2 +0.44 0.22 +0.01 187.9 +17.2 0.57 £0.10
B 120 4.6 62.0 +1.01 0.21 +£0.00 177.3 £7.35 0.59 +0.05
C 140 2.8 62.0 +1.01 0.21 £0.00 150.8 +3.8 0.25 +0.01
D 150 2.8 62.1 £0.55 0.18 £0.00 176.0 +£1.9 0.33 £0.01
E 180 2.8 66.4 +0.91 0.22 +0.01 1563 +1.5 0.30 £0.01
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Regarding shear stress, trial B, performed at a lower
R,om> appeared to be more suitable for drying the LNPs
compared to Trial A, as it resulted in a smaller increase in
Z-Average. Based on the data, LNPs seemed to be more
susceptible to the atomization shear stress than temperature
stress. To further validate this hypothesis, the effect of shear
stress on LNPs'colloidal stability was evaluated by atom-
izing the feed solution at different R, and collecting the
atomized solution without drying for DOPE and DOTAP-
LNPs in a 10% (w/v) trehalose formulation (Fig. 3).

A noticeable impact of shear stress was observed on the
colloidal stability of LNPs at R, higher than 4.6, suggesting
that this LNPs’ formulation is sensitive to shear stress. This
susceptibility may be attributed to their aqueous core, which
imparts a more fluid nature compared to solid LNPs [46, 47].
Although it is critical to decrease the R, to mitigate the
effect of shear stress, such reduction will originate larger drop-
lets that may impact drying efficiency and introducing limita-
tions to the process. Therefore, a balance between R,,,,,, and
temperature is required to minimize shear stress, while ensur-
ing that the droplets dry effectively. These findings align with
the aforementioned data and reinforce the decision to select
the processing conditions of trial B for subsequent trials.

Drying Matrix Optimization

Since it was previously observed that the LNPs are particu-
larly susceptible to shear stress, the effect of leucine and
different surfactants was evaluated in combination with tre-
halose (Fig. 4). It is important to notice that for leucine,
trehalose’s concentration was adjusted due to solution’s
solubility limits.

The combination of 1% (w/v) leucine with trehalose
resulted in a destabilizing behavior that led to the complete
loss of LNPs’ colloidal stability after drying. Employing
trehalose as drying matrix without additional excipients,
resulted in a particle size of approximately 177.3 +7.4
nm. This value is substantially lower than the pronounced
increase to 999.0 + 187.5 nm observed when leucine was
added. Leucine is hydrophobic and may interfere with the
lipid matrix leading to coalescence of LNPs. This outcome
suggests that the particle size increase is primarily due to
leucine and not a result of reduced trehalose concentra-
tion. It is worth emphasizing that the reduction of the sugar
concentration was related to leucine water solubility con-
straints. Nonetheless, leucine has been used as SD matrix
for SLNs and has been reported to significantly mitigate the
Z-Average’s increase for formulations with more than 20%
(w/w) of leucine [48]. Possibly, in this case, leucine crystals
were additionally formed during the SD process and induced
alterations in the lipid matrix that led to the loss of colloidal
stability [14, 49].

Pertaining to P407, it did not improve noticeably the col-
loidal stability of LNPs, when compared to trehalose-only
control, resulting in polydisperse populations. The combina-
tion of 0.1% (w/v) P188 with 10% (w/v) trehalose stood out
as the only matrix capable of maintaining the monodisper-
sity of LNPs after SD.

Regarding P188, the shear-protective effect may not be
the only stabilization mechanism responsible for the main-
tenance of colloidal stability [50-52]. Studies performed by
Maskarinec and coworkers [51], revealed that P188 selec-
tively inserts into bilayer membranes where the local lipid
packing density is reduced, helps to increase the local packing
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density and is squeezed out once the membrane is healed.
Adhikari et al. [52] later confirmed this mechanism with com-
puter simulations and observed that the P188 hydrophobic
chains insert themselves into damaged lipid layers and close
any opened pores. Additionally, Trenkenschuh and coworkers
[53] observed a significant increase in colloidal stability of
extracellular vesicles during FD when 0.02% (w/v) P188 was
used in combination with 5% (w/v) sucrose, which was also
justified with P188 insertion within the lipid layers.

Although the difference while employing P407 or P188
may appear small in Fig. 4, there are variations in Z-average
(152.3 1.2 nm for P407 and 121.8 +£0.8 nm for P188)
and more evident variances in the polydispersity index.
For P407, the PdI exceeded 0.3, indicating a heterogene-
ous size distribution with multiple populations observed
during dynamic light scattering measurements. In contrast,
P188 exhibited a PdI of approximately 0.20, which suggests
a more monodisperse population with a narrower size dis-
tribution. These differences are worth emphasizing as they
could influence the formulation’s overall stability and per-
formance. While the difference in Z-average may not seem
significant, the distinct variation in size distribution (indi-
cated by PdI) and the presence of multiple populations with
P407 underline the different physicochemical characteristics
of the two excipients.

The surfactants concentration is known to play a critical
role in maintaining or disrupting the colloidal stability of

lipid systems. Surfactant’s micelles — formed at concentra-
tion above the critical micelle concentration (CMC) — have
been reported to induce stress in lipid membranes that may
cause its disruption, as demonstrated by Triton X-100 being
used extremely above its CMC to lyse lipid systems and
release the encapsulated nucleic acid [54-57]. Therefore,
the higher CMC of P188 compared to P407 (i.e., 0.125 mM
and 0.05 mM for P188 and P407, respectively) may justify
the differences in the stabilizing behavior as the 1% (w/v)
used is slightly above the CMC for P407 and borderline the
CMC of P188 [51, 58].

Since the surfactant concentration plays such important
role in the LNPs’ stabilization and should be assessed case
by case, a further optimization was performed where both
trehalose and P188 concentrations were varied (Table III,
Fig. 5).

Within the tested range, the drying matrix that resulted in
the better maintenance of LNPs’ colloidal stability was the
combination of 10% (w/v) trehalose with 0.1% (w/v) P188.
This drying matrix not only led to the smallest increase in
Z-Average after SD, but also resulted in a monodisperse popu-
lation with no increase in the PdI. Despite the 30% (w/v) tre-
halose with 0.05% (w/v) P188 drying matrix showing similar
results concerning colloidal stability, the 10% (w/v) trehalose
with 0.1% (w/v) P188 allowed a better compromise between
maintenance of colloidal stability and acceptable solution vis-
cosity. Additionally, P188’s optimal concentration to stabilize
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Table Ill Effect of trehalose and P188 concentration on Z-Average
and PdI of DOPE-LNPs after spray drying

Trehalose P188 Z-Average Pdl
%(w/v) %(W/Iv) (nm)

10 0.1 121.8 +0.8 0.19 +0.02
10 0.25 143.8 +1.0 0.17 +£0.03
10 0.5 154.7 +1.4 0.22 +0.02
20 0.5 133.0 +£2.5 0.21 +£0.02
30 0.1 1432 +1.8 0.32 +0.01
30 0.05 122.7 £ 1.1 0.21 £0.01

these LNPs appears to be very proximal to the surfactants’
CMC. This can be an indicator that it is the highest concentra-
tion that can be used without forming micelles, which have
been reported to destabilize lipid layers [51].

The initial shear stress test was repeated with the opti-
mized formulation to validate the shear-protective behavior
of P188 (Fig. 5).

As expected, the incorporation of 0.1% (w/v) P188 in the
drying matrix decreased the impact of the shear stress dur-
ing atomization and substantially improved the LNPs col-
loidal stability of both DOPE and DOTAP-LNPs. For both
sugar formulations without P188, a noticeable impact on
LNPs colloidal stability was evident at R, higher than 4.6.
However, when P188 was incorporated in the drying matrix
the increase in Z-Average was minimized and PdI remained
below 0.3, even at an R, of 18.5. These findings strongly
demonstrate the stabilization potential of P188 for LNPs.
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Considering that sucrose has been extensively used to
stabilize lipid systems compared with trehalose (including in
marketed formulations), one additional trial was performed
to benchmark both sugars in combination with 0.1% (w/v)
of P188 (Fig. 6) [7, 41, 53, 59].

The use of sucrose in the formulation resulted in a lower
increase in the LNPs’ Z-Average after SD compared to tre-
halose. While the differences in PdI are small, the Z-average
data after spray drying reveal substantial distinctions. Spe-
cifically, trehalose in combination with P188, resulted in
a Z-average of 179.8 +2.7 nm and PdI 0.20 +0.02, while
sucrose with P188 yielded LNPs with a Z-average 125.5
+2.4 nm and PdI 0.22 +0.02, after spray drying. The dif-
ferences in the stabilizing behavior of both sugars may be
justified with sucrose’s enhanced ability to form hydrogen
bonds with the phospholipids’ headgroups, which results in
extensive molecular interactions and reduces the nanopar-
ticle mobility [60].

To understand the impact of PEGylation on LNPs' colloi-
dal stability before and after SD, the PEGylated lipid molar
ratio was varied for tRNA-loaded DOTAP-LNPs, maintain-
ing sucrose in combination with 0.1% (w/v) P188 as drying
matrix (Fig. 7). Polyethylene glycol (PEG) is the most com-
mon “stealth” polymer in the drug delivery field, due to its
established safety profile in humans and its classification as
Generally Regarded as Safe (GRAS) by the FDA [61]. In
lipid nanoparticles formulations, PEG lipids are essential
components as they control LNPs size and provide stabi-
lization by acting as a steric barrier, preventing aggrega-
tion during storage [29, 61-63]. Additionally, PEG-lipids
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Fig.5 Shear protective effect in the Z-Average and PdI of P188 for a DOPE and b DOTAP-LNPs. Data presented corresponds to the mean and

standard deviation
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enhance circulation time by reducing opsonization, limiting
clearance by reticuloendothelial cells, and mitigating rapid
uptake, thereby improving the LNPs’ circulation half-life
[61, 63, 64]. However, this also hinders endosomal release
by obstructing membrane fusion between the LNPs and the
endosomal membrane. Therefore, the type and amount of
PEG lipids must be carefully adjusted to balance sufficient
stealth and stabilization effects without hindering cargo
release, a phenomenon known as the "PEG Dilemma" [64].

No trends in Z-Average or Pdl of DOTAP-LNPs were
identified with varying PEGylated lipid molar ratios after
microfluidics. DOTAP-LNPs consistently presented low
values across all tested ranges, suggesting that the surface
area-to-volume ratio was already small enough to prevent
repulsions between PEGylated lipid side chains, thus not
affecting the Z-Average. However, a significant increase in
PdI was observed after SD, with some conditions resulting
in polydisperse populations.

Regarding zeta potential, a decreasing tendency towards
0 mV was identified with increasing PEGylated lipid molar
ratios, yet the LNPs remained neutral throughout the tested
range. Additionally, the SD process did not affect the zeta
potential, and all formulations remained neutral, consistent
with literature reports.

For DOTAP-LNPs, high tRNA encapsulation efficiency
(> 99%) was achieved for PEGylated lipid molar ratios up to
5%, with a slight decrease to 97% at 10%. No considerable
variation in encapsulation efficiency was observed after SD,
aligning with previous observations for Z-Average. Moreo-
ver, it is worth mentioning that in these trials, the incorpora-
tion of the surfactant P188 (0.1% (w/v)) consistently dem-
onstrated that it did not destabilize the LNPs nor promoted
RNA leakage under the tested concentration range.
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While these results provide valuable insights into the
physicochemical properties of DOTAP-LNPs as a function
of PEGylated lipid content, further in vitro studies would
be necessary to evaluate the biological impact of PEGyla-
tion. Adverse effects such as anti-PEG antibody production,
impaired cellular internalization, and decreased intracellu-
lar protein expression of mRNA have been reported at high
molar ratios [65-67]. Since no enhanced stabilization effect
was observed during the SD process for different PEGylated
lipid molar ratios, a 1.5% ratio was considered for the fol-
lowing studies, as it is already approved in commercial for-
mulations [33].

Benchmarking Spray Drying With Freeze Drying

Currently, FD is still considered the gold standard drying
technology for biopharmaceuticals, one of the main reasons
being the absence of process-induced shear stress that can
compromise the integrity of large molecules [8]. However,
spray drying is an attractive alternative, particularly for
large-scale production, due to its higher throughput, cost-
effectiveness, and better control of powder properties (e.g.,
particle size, density) [8]. Therefore, to compare the results
obtained with SD with the gold standard FD, various for-
mulations previously used were tested with FD on DOPE
and DOTAP-LNPs'colloidal stability (Fig. 8). A standard FD
cycle, representative of an industrial process, was employed
(cycle A).

Freeze drying LNPs without stabilizing excipients led to
a major increase in Z-Average and PdI, causing the loss of
colloidal stability. This finding aligns with Suzuki et al.’ [68]
observations, where similar nanoparticles without stabiliz-
ing excipients showed increased Z-Average and PdI after

@ Springer



145 Page 12 of 19 AAPS PharmSciTech (2025) 26:145
150 1.0 3
—0.8 |
E 100 & = r 22
£ - —06 =
@ e - S
g T2 $
s —04 g
< 50 ® @ 8 1
{ z 3 s
N % 3 N
| ~0.2 |
0— T T T T | 0.0 00— T T T T
0% 0.75% 1.5% 2.5% 5% 10% 0% 0.75% 1.5% 2.5% 5% 10%
PEGylated Lipid Molar Ratio (%) PEGylated Lipid Molar Ratio (%)
=== Z-Average before SD O Pdl before SD === Before SD == After SD
= Z-Average after SD ¢ Pdl after SD
€)) (b)
100 = = = o - -
S i
3 90—
c
]
2 |
£
w
e 80—
.o
& J
S
0
2 70
(4]
[
w 4
60—, : -
0% 0.75% 1.5% 2.5% 5% 10%

PEGylated Lipid Molar Ratio (%)

===  Before SD

(c)

—= After SD
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and after SD

FD. This increase in Z-Average associated with the loss of
colloidal stability is likely due to fusion or aggregation and
may ultimately lead to the leakage of the encapsulated mate-
rial [36, 69]. However, when sugars were used as drying
matrices, the increase in Z-Average and PdI was minimized,
indicating better stability compared to bare LNPs, which is
consistent with Suzuki ez al.'s findings [68].

While trehalose and sucrose are commonly used stabiliz-
ing excipients in FD, sucrose exhibited a more pronounced
stabilizing effect than trehalose, maintaining colloidal stabil-
ity after FD [6, 37]. Both sugars are reported to form glass
matrices that immobilize nanoparticles, preventing fusion/
aggregation, and protecting against mechanical stresses
caused by ice crystal formation [37]. Although, to the best of
our knowledge, no literature reports the superior stabilizing

@ Springer

potential of sucrose compared to trehalose during FD of
LNPs, several authors report similar findings for different
lipid systems (e.g., liposomes and SLNs) [70, 71]. Molecular
dynamic simulations suggest that sucrose's stronger interac-
tions with the LNPs'surface, forming 10% more hydrogen
bonds with phospholipids headgroups compared to treha-
lose, may justify the different stabilizing behaviors [60].

The incorporation of P188 in the FD matrix yielded con-
tradictory results for DOPE-LNPs and DOTAP-LNPs. While
for DOTAP-LNPs, P188 did not produced any significant
effect, when combined with 10% (w/v) trehalose it mitigated
the increase in LNPs’ z-average after FD. On the other hand,
the effect of P188 in sucrose formulations was minimal, and
differences may be attributed to process variability rather
than stabilization effects.
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Fig.8 Z-Average and PdI of a DOPE and b DOTAP-LNPs freeze dried in different drying matrices, using FD cycle A

Table IV Melting transitions of the different lipids obtained by differ-
ential scanning calorimetry

Lipid DSPC Cholesterol PEG- DOPE DOTAP
DMG2000
Tietiing °C) 108.5  147.0 48.6 -25.6 8.0

In the FD process, temperature changes can potentially
lead to lipid phase transitions, which, in turn, may cause
alterations in the LNP structure. Both DOTAP and DOPE
(Table IV) exhibited melting transitions between room
temperature and primary drying temperature during FD,
which is consistent with what previous literature reports
have found [72]. Since both lipids are the main components
of the LNPs, their respective phase transitions are likely to
impact the LNPs’ colloidal stability. However, it is impor-
tant to note that DOTAP's melting transition occurred at 8
°C, whereas DOPE's occurred at —25.6 °C. Therefore, it is
more likely that the presence of sucrose and trehalose, which
were used as cryoprotectants in the drying matrix, might
have prevented phase transitions in DOTAP-LNPs more
effectively compared to DOPE-LNPs [73]. This could help
explain the higher increase in Z-Average observed after FD
for DOPE-LNPs.

tRNA EE was measured before and after FD to evalu-
ate if the process resulted in leakages of the encapsulated
material. For DOTAP-LNPs, the tRNA encapsulation effi-
ciency remained practically unchanged after freeze drying
(> 97%), indicating that even for the formulations were

colloidal stability was lost, no encapsulated material was
released (Table V). Additionally, the LNPs’ zeta potential
was also not affected by FD as the LNPs remained neutral
after processing.

The impact of the freezing rate was also evaluated on
DOPE-LNPs. Sucrose and trehalose were used as dry-
ing matrices for three different freezing protocols i.e., (a)
freezing in a precooled freezer to —80 °C (cycle B), (b)
freezing in a precooled freezer to —20 °C (cycle B) and (c)
freezing down to —40 °C at approximately 0.7 °C min~!
(cycle A) (Fig. 9).

An increase in Z-Average was observed with the
decrease in the freezing rate, demonstrating the impact
of the freezing rate on LNPs’ colloidal stability after FD.
These results are aligned with literature, which suggests
that slow freezing rates can lead to the formation of large
ice crystals and non-uniform distribution of cryoprotect-
ants, potentially disrupting lipid membranes and causing
a loss of colloidal stability for LNPs [36, 38, 69]. Nota-
bly, the trehalose formulation presented a much more
pronounced increase in Z-Average and PdlI, indicating its
inability to maintain LNPs'colloidal stability under any
freezing protocol. In contrast, the sucrose formulation con-
sistently yielded monodisperse populations with Z-Aver-
age values below 200 nm, regardless of the freezing pro-
tocol used. This difference in behavior could be attributed
to trehalose's tendency to crystallize upon freezing, which
may have compromised its stabilizing potential [74].

Remarkably, regardless of the freezing rate, the
Z-Average of LNPs in the sucrose formulation remained
consistent. This suggests that the sucrose formulation
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TableV Zeta Potential of
DOPE and DOTAP-LNPs and

Encapsulation Zeta potential (mV)

. : Efficiency
encapsulation efficiency of (%)
DOTAP-LNPs freeze dried in
different drying matrices with DOPE  Before FD NAP -0.1+0.01
standard FD cycle A After FD  Bare ~0.6+0.03
10% (w/v) trehalose —-0.1+0.01
10% (w/v) sucrose —-0.2+0.03
10% (w/v) trehalose +0.1% (w/v) P188 -0.1+0.03
10% (w/v) sucrose +0.1% (w/v) P188 -0.2+0.04
DOTAP  Before FD 98.1 £0.3 1.9 £0.55
After FD Bare 98.3 £0.3 1.1 £0.13
10% (w/v) trehalose 97.5 +£0.6 1.2 £0.07
10% (w/v) sucrose 97.1 £0.8 1.0 £0.04
10% (w/v) trehalose +0.1% (w/v) P188  98.2 +£0.6 1.1 £0.05
10% (w/v) sucrose +0.1% (w/v) P188 974 +1.0 0.9 £0.12
Fig.9 Effect of the freezing 500 — —1.0
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successfully mitigated the potential stresses associated
with slow freezing rates. Consequently, the drying stress
might be the only factor influencing the LNPs'colloidal
stability in this case. It is worth noting that both Moderna
and Pfizer/BioNTech Covid vaccines employ a sucrose-
containing formulation for frozen storage [7]. Thus, any
increase in particle size during the thawing process is not
expected. Additionally, an increase in size after lyophiliza-
tion of similar LNPs has been documented in the existing
literature without compromising mRNA expression [13].

With the impact of formulation and process variables
assessed for FD, the results from the two technologies
explored in this work were benchmarked. By comparing SD

@ Springer

and FD results from DOPE-LNPs in 10% (w/v) trehalose,
it was noticeable that although both technologies yielded
polydisperse populations, SD resulted in LNPs with a lower
z-average after reconstitution (177.3 +7.4 nm vs. 414.2 +46.9
nm). However, when adding P188 to the drying matrix formu-
lations, the differences between both technologies are elimi-
nated and LNPs colloidal stability was maintained (186.3
+2.7 nm and 0.27 +0.03, for z-average and PdI after FD; and
179.8 2.7 nm and 0.20 +0.02 for z-average and PdI after
SD). During the SD trials, it was thought that P188’s stabiliz-
ing effect was related with its ability to protect LNPs’ against
the atomization shear stress. Nevertheless, the incorporation
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of P188 in the FD formulations suggests that it can serve as a
stabilizer against various types of stress beyond shear stress.

Regarding drying matrix formulations consisting of the
combination of either trehalose or sucrose with P188, for
SD the differences between both sugars were notorious,
with sucrose rending particles with smaller Z-Average after
reconstitution (125.5 +2.4 nm vs. 179.8 2.7 nm). On the
other hand, FD with either trehalose or sucrose in combina-
tion with P188 produced comparable results (186.3 +2.7 nm
for trehalose vs. 187.0 +=4.4 nm for sucrose).

Finally, by comparing both technologies using similar
formulations (Table VI), it can be concluded that SD is able
to assure identical colloidal stability of LNPs after recon-
stitution compared to FD. Moreover, SD yielded LNPs with
smaller Z-average when compared to FD while employing
the freezing protocol corresponding to cycle A. In cycle A,
the freezing step occurred inside the freeze drier at a freezing
rate of approximately 0.7 °C min-1 until it reached—40 °C.
This corresponds to a slow freezing rate which could induce
phase separation, leading to higher particle size increase. On
the other hand, the swift evaporation in spray drying may
circumvent those issues and mitigate the increase in Z-aver-
age. These are key results as SD is usually perceived as a
more harmful drying technology than FD due to the shear
stress imposed to the feed solution to promote the required
atomization. Results from the present work indeed show
an effect of atomization shear stress on the final properties
of tRNA-loaded LNPs, but also that through formulation
and process optimization it is possible reduce its impact to
levels comparable to the FD gold standard. Therefore, the
present work supports that SD can be an enabling technol-
ogy for drying RNA-loaded lipid nanoparticles, presenting

clear advantages over FD, as it is able to yield material with
similar CQAs than the former but with a better industrializa-
tion potential. Future research should focus on formulation
and process optimization to further minimize the impact of
the spray drying process on product quality across different
RNA types (e.g., mRNA) and evaluate the impact of process
scale-up in the final properties of LNP-based formulations.

Drying of mRNA-Loaded Lipid Nanoparticles

Microfluidics was employed to produce mRNA-loaded
lipid nanoparticles at a target mRNA concentration of 0.1
mg mL~!, comparable to the marketed approved mRNA-
LNPs [29]. Then, the mRNA-LNPs were subsequently dried
through the two drying techniques: spray drying and freeze
drying, using the optimized process conditions and employ-
ing a 10% (w/v) sucrose and 0.1% % (w/v) P188 drying
matrix. Each resulting powder was reconstituted and char-
acterized (Table VII).

Similar to what has been observed for tRNA-loaded lipid
nanoparticles, both SD and FD increased the mRNA-loaded
LNPs’ Z-Average. This increase in Z-average particle size
post drying is consistent with findings reported in the lit-
erature [18, 20]. Nonetheless, LNPs’ colloidal stability was
maintained in both SD and FD technologies, since monodis-
perse populations were obtained (PdI <0.3).

mRNA encapsulation efficiency was also affected by the
drying process and unlike what was reported for tRNA, a
decrease was observed after both SD and FD, being more
pronounced in the latter. Although process conditions could
be further optimized to minimize the impact, the decrease in

Table VI Z-Average and PdI of

DOPE-LNPs after spray drying Technology Drying cycle Drying matrix (Zn-ﬁzferage Pdl
and freeze drying
SD NAP 10% (w/v) sucrose +0.1% (w/v) P188 1254 +2.4 0.22 +0.02
FD A 10% (w/v) sucrose 162.0 +2.1 0.18 +0.02
10% (w/v) sucrose +0.1% (w/v) P188 187.0 +4.4 0.27 £0.03
B (—20°C) 10% (w/v) sucrose 1526 +1.4 0.21 +0.03
10% (w/v) sucrose +0.1% (w/v) P188 129.1 +1.5 0.16 £0.00
B (-80°C) 10% (w/v) sucrose 1244 +1.4 0.23 +£0.01

Table VIl Z-Average, Pdl, mRNA encapsulation efficiency and mRNA integrity for mRNA-loaded LNPs after microfluidics, spray drying and
freeze drying (cycle A) in a 10%(w/v) sucrose and 0.1% % (w/v) P188 drying matrix

Processing stage Z-Average Pdl mRNA EE (%) mRNA integrity (%)
(nm)

Microfluidics 80.0 +2.7 0.19 +£0.02 95.6 +0.1 82.1+0.2

Spray drying 1243 +29 0.21 +£0.04 86.1 +£0.2 82.6 +0.6

Freeze drying 101.0 £0.5 0.21 £0.01 68.0 +1.2 85.7+0.3
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EE after drying is expected and has been previously reported
in literature [75-77].

Regarding the mRNA integrity, the microfluidics and SD
and FD processes did not result in substantial mRNA degrada-
tion as both present results similar to the unprocessed stand-
ard. These are very promising results because, despite the
small decrease in encapsulation efficiency, mRNA integrity
was still maintained after SD and FD. These data validate that
the SD technology can potentially enhance the storage stabil-
ity and delivery of nucleic acid-loaded LNPs. Moreover, our
findings are also aligned with recent studies where successful
SD of mRNA-LNPs was reported using sugar-based drying
matrices intended for inhalation delivery [18, 19].

Conclusion

This study presented a comprehensive analysis of the shear
stress’s impact on LNPs’ colloidal stability during the SD pro-
cess, with a specific focus on tRNA-loaded LNPs. The SD
process was optimized for LNPs, while carefully considering
the impact of shear stress and thermal stress on their colloidal
stability. No correlation was found between the drying tem-
perature and the increase in LNPs'Z-Average and PdI, which
may be attributed not only to trehalose’s protective effect, but
also to factors like evaporative cooling and short residence
times. Nevertheless, shear stress impacted colloidal stability
of LNPs, particularly for R, ., above 4.6. This sensitivity to
shear stress might be attributed to the aqueous core of the
LNPs, which imparts a more fluid nature compared to SLNs.
A drying matrix optimization was performed to counter the
shear stress effect during SD and maintain LNPs'colloidal
stability. The combination of 10% (w/v) sucrose and 0.1%
(w/v) P188 proved to be the most effective stabilizing for-
mulation during SD. P188 demonstrated its ability to protect
LNPs against shear stress, possibly by inserting itself within
lipid layers. The optimal P188 concentration was found to be
slightly below its CMC, preventing the formation of micelles
that could destabilize lipid layers.

FD was used as benchmark due to its low shear stress
characteristic. In FD, the drying matrix significantly influ-
enced LNPs’ protection against processing stresses. When
combined with trehalose, P188 improved colloidal stability
after FD, demonstrating its ability to stabilize LNPs against
various stresses, besides shear stress. Additionally, sucrose
limited the increase in Z-Average associated with slow freez-
ing rates, possibly due to sucrose's lower crystallization ten-
dency compared to trehalose. These results highlight the cru-
cial role of the drying matrix in mitigating process-induced
stresses on LNPs. Ultimately, the optimized drying matrix
and SD process conditions were employed to dry mRNA-
loaded LNPs. Spray drying was successfully conducted,

@ Springer

validating that SD can be a feasible drying technology for
mRNA-LNPs, with the potential to enhance the storage sta-
bility and improve the delivery of nucleic acid-loaded LNPs.

Overall, this work sheds light on the importance of
both process and formulation optimization to maintain
LNPs'colloidal stability during drying and demonstrated
that SD can be comparable to gold standard FD as a mild
technology, to dry biomolecules, thus advancing the field of
LNPs-based therapeutics.
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