Journal Pre-proofs

uropean
| ournal of

Research paper iqlarmaceutics and
“iopharmaceutics

The mixing method used to formulate lipid nanoparticles affects mRNA de-
livery efficacy and organ tropism

Daria M. Strelkova Petersen, Namit Chaudhary, Mariah L. Arral, Ryan M.

Weiss, Kathryn A. Whitehead Official Journal of
apy - —

PIL: S0939-6411(23)00266-7 @ T
DOI: https://doi.org/10.1016/j.ejpb.2023.10.006
Reference: EJPB 14118
To appear in: European Journal of Pharmaceutics and Biophar-

maceutics
Received Date: 29 January 2023
Revised Date: 30 September 2023
Accepted Date: 4 October 2023

Please cite this article as: D.M. Strelkova Petersen, N. Chaudhary, M.L. Arral, R.M. Weiss, K.A. Whitehead, The
mixing method used to formulate lipid nanoparticles affects mRNA delivery efficacy and organ tropism,
European Journal of Pharmaceutics and Biopharmaceutics (2023), doi: https://doi.org/10.1016/j.ejpb.
2023.10.006

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2023 Published by Elsevier B.V.


https://doi.org/10.1016/j.ejpb.2023.10.006
https://doi.org/10.1016/j.ejpb.2023.10.006
https://doi.org/10.1016/j.ejpb.2023.10.006

The mixing method used to formulate lipid nanoparticles affects mRNA delivery efficacy
and organ tropism

Daria M. Strelkova Petersen’, Namit Chaudhary?, Mariah L. Arral?, Ryan M. Weiss?, Kathryn A.

Whitehead' 2"

'Department of Biomedical Engineering, Carnegie Mellon University, 5000 Forbes Ave,
Pittsburgh, PA, 15213

2Department of Chemical Engineering, Carnegie Mellon University, 5000 Forbes Ave,
Pittsburgh, PA, 15213

*Corresponding Author: Kathryn A. Whitehead, kawhite@cmu.edu



mailto:kawhite@cmu.edu

Abstract

mMRNA is a versatile drug molecule with therapeutic applications ranging from protein replacement
therapies to in vivo gene engineering. mMRNA delivery is often accomplished using lipid
nanoparticles, which are formulated via mixing of aqueous and organic solutions. Although this
has historically been accomplished by manual mixing for bench scale science, microfluidic mixing
is required for scalable continuous manufacturing and batch to batch control. Currently, there is
limited understanding on how the mixing process affects mRNA delivery efficacy, particularly in
regard to tropism. To address this knowledge gap, we examined the influence of the type of mixing
and microfluidic mixing parameters on the performance of lipid nanoparticles in mice. This was
accomplished with a Design of Experiment approach using four nanoparticle formulations with
varied ionizable lipid chemistry. We found that each formulation required unique optimization of
mixing parameters, with the total delivery efficacy of each lipid nanoparticle generated with
microfluidics ranging from 100-fold less to 4-fold more than manually mixed LNPs. Further, mixing
parameters influenced organ tropism, with the most efficacious formulations disproportionately
increasing liver delivery compared to other organs. These data suggest that mixing parameters
for lipid nanoparticle production may require optimization for each unique chemical formulation,
complicating translational efforts. Further, microfluidic parameters must be chosen carefully to

balance overall mRNA delivery efficacy with application-specific tropism requirements.
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1. Introduction

In recent years, lipid nanoparticles (LNPs) have graduated from a niche technology to
a clinically proven tool that has been successfully deployed in hundreds of millions of people
worldwide via the COVID-19 mRNA vaccines [1,2]. Beyond vaccines, mMRNA LNPs are being
developed for a broad range of applications, including zinc finger and CRISPR-based gene
editing systems [3-9], protein replacement therapy [10—-15], and cancer treatments [16—23].
Since naked mRNA is quickly degraded by nucleases in the blood and extracellular
compartments [24,25], mRNA requires a vehicle that protects and delivers it into the cytoplasm
of target cells. Out of all viral and non-viral RNA delivery vehicles, LNPs are the most clinically
advanced and carry the lowest risks of inflammation or other adverse events [23]. In addition to
the approved vaccines, numerous LNP-based mRNA therapeutics are in clinical trials, including
for the treatment of glycogen storage disease type 1a [26,27], ornithine transcarbamylase

deficiency [28], and transthyretin amyloidosis [29].

LNPs are complex, multi-component delivery vehicles in which mRNA is encapsulated
by a combination of synthetic and natural lipids [30]. These lipids typically include an ionizable
cationic lipid or lipidoid, a “helper” lipid (often a phospholipid), cholesterol, and a lipid conjugated
to polyethylene glycol (PEG-lipid) [31]. They are generated by mixing an aqueous buffer
containing mRNA with an ethanol solution containing lipid components. Upon mixing,
electrostatic and hydrophobic/hydrophilic interactions drive the coalescence of nanoparticles, a
process sometimes referred to as nanoprecipitation [32]. Resultant particles can range widely in
size, with the final size determined by lipid chemistry, the percentage of PEG in the formulation,

and the mixing conditions [33,34].

The mixing of the aqueous and organic streams is an important part of this process
and, over the years, has been accomplished in two primary ways: manual and microfluidic
mixing. Manual mixing is generally used for small, bench scale volumes (100 ul to 4 ml) and is
accomplished using standard pipets and a vortex [35]. Alternatively, microfluidic mixing involves
specialized equipment that mixes large volumes of LNPs in a continuous process, which
enables consistent large-scale manufacturing. Many early studies that delivered RNA with lipid
nanoparticles used manual mixing techniques [24,36—39]. Currently, some labs continue to mix

their LNPs manually, while others use in-house [40,41] or commercially designed [42]



microfluidic devices. There are several possible architectural designs of the mixing channel that

combine the mRNA and lipid streams, including T-mixing, Y-mixing and ring mixing [43].

Although, historically, bench scale formulations have been generated manually [44],
there is limited information on the effect of scale-up using microfluidics on the in vivo
performance of these formulations. Ideally, LNPs generated via microfluidics will behave
identically to those made manually, including both overall efficacy and organ distribution. It's
unclear that this would be the case, given that pipette mixing controls neither the exact flow rate
of the two solutions nor the architecture of mixing, whereas these parameters are automated
with microfluidics. Studies with microfluidic devices use a wide range of flow rates (4-14 ml/min)
with little discussion on rationale for those choices [43,45-52]. Further, the 1:1 volumetric ratio
of aqueous to ethanol solutions used for manual mixing is often changed to 2:1 or 3:1 when
using microfluidics [40,48,51,52]. Indeed, the ability to vary the total flow rate and volumetric

stream ratios results in a large design space by which to create LNPs using microfluidic devices.

The goal of this study was to improve understanding of how manual and microfluidic
formulations compare in terms of in vivo performance in terms of both efficacy and tropism.
Although efficacy is frequently discussed in the literature, limited attention has been paid to the
challenges of tropism changes that can occur during scale-up. Although most LNPs target the
liver [23,53,54], there is an increasing number of studies that describe extrahepatocellular
delivery. [23,54-56]. As each of these formulations are developed for cell- and organ- specific
applications, it is important to understand how mixing parameters affect scale-up with

microfluidic devices as to retain the intended utility.

To accomplish this, we worked with two LNPs, each with a distinct ionizable lipid. In addition
to formulating these manually, we generated microfluidic formulations on a commercially
available microfluidics mixer (Benchtop™ Precision Nanosystems) employing a Y-mixing
herringbone architecture [57]. We evaluated a library of mixing parameters generated by Design
of Experiment and tested resultant LNP physical properties and in vivo behavior (total efficacy
and organ tropism). Results indicate that each LNP requires optimization of mixing parameters.
Further, the mixing parameters that yielded LNPs with improved in vivo efficacy did so by
increasing liver delivery, which may or may not be beneficial depending on the treatment

application. Together, these data provide evidence that microfluidic parameters should be



optimized for each LNP, and that performance can vary across manual and microfluidic

formulations.

2. Materials and Methods

2.1 Materials

Amine 3,3'-diamino-N-methyldipropylamine (306) and isodecyl acrylate (O;49) and
undecyl acrylate (O4o) were sourced from Sigma-Aldrich (St Louis, MO). Amines N1,N1'-
(propane-1,3-diyl)bis(N1-methylethane-1,2-diamine) (5603) and N1,N1'-(propane-1,3-diyl)bis(N1-
ethylethane-1,2-diamine) (514) were synthesized in the lab (see S| Methods section). 2-Hexyl-
Decyl Acrylate (Og,10) Was also made in the lab (see SI Methods section). 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) and 14:0 PEG2000 PE (PEG 2000) was purchased
from Avanti Polar Lipids (Alabaster, AL). Cholesterol was sourced from Sigma-Aldrich (St Louis,
MO). Luciferase mRNA was purchased from Trilink Biotechnologies (San Diego, CA).
Monobasic citrate and 2-(p-toluidinyl)naphthalene-6-sulphonic acid (TNS) were sourced from
Sigma-Aldrich (St Louis, MO). 3.5 MWCO Dialysis Cassettes and Quanti-iT RiboGreen were
purchased from Thermo Fisher Scientific (Waltham, MA). Phosphate buffer saline at pH 7.4 was
sourced from VWR (Randor, PA). Black 96 well flat bottom plates were purchased from
GreineerBio through VWR (Randor, PA). D-Luciferin was sourced from PerkinElmer (Waltham,
MA).

2.2 Lipidoid Synthesis

lonizable lipidoids were synthesized by combining alkyl-amines with alkyl-acrylate tails at a
stoichiometric ratio of 1:4 in a scintillation vial and stirring at 90 °C for 3 days [1]. Amines 3,3"-
diamino-N-methyldipropylamine (306) and N1,N1'-(propane-1,3-diyl)bis(N1-methylethane-1,2-
diamine) (503) were reacted with isodecyl acrylate (O;1¢) to form the 3060;;o and 50304
lipidoids, respectively. Amine N1,N1'-(propane-1,3-diyl)bis(N1-ethylethane-1,2-diamine) (514)
was reacted with acrylate Og 1 to form 5140 4 lipidoid, and amine 3,3'-diamino-N-
methyldipropylamine (306) was reacted with undecyl acrylate (O,o) to form 3060, lipidoid.
Synthesized lipidoids were purified with Teledyne ISCO Chromatography system (Thousand
Oaks, CA) and resulting fractions were verified with mass spectroscopy to contain 3060, and
503049, 3060+, and 5140 1 lipidoids respectively.

2.3 Lipid Nanoparticle Fabrication



Lipid nanoparticles (LNPs) were formulated in one of two ways by mixing a lipid solution with
an aqueous mRNA solution, as previously described [53]. The lipid solution contained ionizable
lipidoid, cholesterol, DOPE, and PEG2000. These four compounds were dissolved in 90%
ethanol and 10% pH 4 citrate buffer by volume at a molar ratio of 35:46.5:16:2.5. An aqueous
solution was made containing 5-methoxyuridine (5moU) base-modified firefly luciferase-
encoding mRNA (mLuc), dissolved in 10 mM citrate buffer (pH 4) so that the resulting lipidoid to

mMRNA ratio was 10:1 (w/w). LNPs were made at 0.05 mg/ml mRNA concentration.

LNPs were formulated either manually or using microfluidics. For LNPs formulated manually,
a pipette was used to add lipid solution to the mRNA solution at a volumetric ratio of 1:1.
Immediately after addition, the resulting solution was vortexed on maximum speed (3200 rpm)
for 5 s. For LNPs formulated using microfluidics, the Nanoassemblr™ Benchtop (Precision
Nanosystems, Vancouver, Canada) was used. Lipid and mRNA solutions were added to
respective input microfluidics channels. Flow rate (4, 8, 11, 10, 12 or 14 ml/min) and volumetric
ratio of mMRNA solution to lipid solution (1:1, 3:2, 2:1, 3:1) was varied for each formulation. After
mixing all LNPs were diluted 1:1 with PBS to achieve desired mRNA concentration and

decrease ethanol percentage in the mixture.

All LNPs were then dialyzed against phosphate buffered saline (PBS, VWR, Randor, PA) in a
dialysis cassette (Thermo Fisher, Waltham, MA) with a 3.5 kDa molecular weight cut off

membrane for 1 hour.

2.4 Lipid Nanoparticles Characterization

Each batch of LNPs was characterized prior to use in animal experiments. LNPs were
diluted with PBS to 0.005 mg/ml mRNA concentration. This solution was used to measure
nanoparticle size using dynamic light scattering (Malvern Zetasizer Nano ZSP, Malvern, UK).
Both zeta average diameter and number average diameter were measured. Separately, RNA
entrapment was determined using the Quant-iT RiboGreen assay according to manufacturer’s
instructions and in accordance with our previous publications [58]. Briefly, LNPs were diluted
with PBS to 0.005 mg/ml mRNA concentration, mixed 1:1 with 1x TE buffer or 1% TritonX
buffer, and incubated with the RiboGreen reagent for 15 min at 37°C. Resulting fluorescence

was quantified by plate reader (Ex 480 nm/ Em 525 nm).

2.4.1 TNS ionization



2-(p-toluidinyl)naphthalene-6-sulphonic acid (TNS) fluorescent probe was used to measure
LNP ionization at pH 5.0, as previously described [59]. 250 pl of TNS buffer (150 mM sodium
chloride, 20 mM sodium phosphate, 20 mM ammonium acetate and 25 mM ammonium citrate;
pH adjusted to 5.0 after mixing) was added per well to a black 96 well plate. Then 5 pl of LNP
(0.05 mg/ml mRNA concentration) and 10 pl of 0.16 mM TNS stock solution was added.
Resulting fluorescence signal was measured immediately using Synergy H1 plate reader

(BioTek). Fluorescent signal corresponded to positive ionization.

2.5 Animal Experiments

All animal experiments were conducted using institutionally approved protocols (IACUC) and
in accordance with state and local regulations. We used a Firefly luciferase — D-Luciferin
reporter system to assess LNP efficacy in mice. LNPs were formulated with luciferase mRNA at
a total mMRNA dose of 0.05 mg/ml. A minimum of three animals were used per each group, and
naked mRNA was used as negative control. LNPs were injected via tail vein into 6-8 week old
C57BL/6 female mice (Charles River Laboratories, Wilmington, MA) at a total mRNA dose of 0.5
mg/kg. Three hours after LNP injection, 130 ul of 30 mg/ml D-luciferin was injected
intraperitonealy. Fifteen minutes later, mice were sacrificed using CO, gas and cervical
dislocation. Liver, spleen, lungs, heart, pancreas, and kidneys were transferred to black paper.
Luminescence signal was measured three hours and fifteen minutes after LNP injection using

an in vivo imaging system (IVIS, PerkinElmer, Waltham, MA).

2.6 Design of Experiments

The DOE library was generated using Design Expert software (Stat-Ease, Minneapolis, MN).
Lipidoid (30604 or 5030;4), flow rate (4-14 ml/min) and aqueous to lipidoid ratio (1:1, 3:2, 2:1,
3:1) were used as input parameters. D-optimal design model for a randomized response surface
analysis was used to generate the library in Table 1. Then that library was expanded by testing

each lipidoid with each mixing parameter combination.

2.7 Statistics
All graphs and statistical data were generated using GraphPad Prism software (GraphPad,

San Diego, CA) version 7.0.



3. Results

This study compares the efficacy and organ distribution of lipid nanoparticle (LNP)
formulations made by hand and with a microfluidic device. LNPs for bench scale work are often
generated using a straightforward pipette mixing technique, given its ease and the ability to
tailor volumes to the exact experimental needs, which in turn conserves costly RNA [45,46].
However, microfluidic devices are required for scale-up and clinical translation because their
controlled mixing parameters facilitate reproducibility and continuous process manufacturing
[43]. In response to the increased interest in LNPs and nucleic acid delivery over the last
decade, some labs have developed fabrication techniques to create microfluidic devices in-

house; bench scale mixers have also become commercially available [45,46,60,61].

Although manual mixing protocols are well-established [59,62], microfluidic systems
introduce several mixing parameters that require selection. Although this selection is aided by
previous studies [63,64], there is little information on the preservation of LNP in vivo potency
and tropism during scale-up using microfluidic systems. In this work, we sought to fill this
knowledge gap by determining the best mixing parameters that maintain LNP potency and

organ specificity when using a microfluidics device.

To accomplish this, we analyzed a small set of mixing parameters to identify the best
parameters for formulating LNPs containing two different ionizable lipids. In addition to the
selection of solution concentrations as with hand mixing, microfluidic mixing introduces two
more variables: 1) the volumetric ratio of the mRNA aqueous solution to the lipid ethanol

solution, and 2) the overall flow rate of the system.

3.1 Microfluidic mixing parameters were optimized for two LNPs

Our goal was to identify optimal mixing parameters for two LNPs containing the unique
ionizable lipidoids, 3060;4o [53] and 5030;4,. We will refer to LNPs generated from these
lipidoids as LNP 1 and LNP 2, respectively. In these experiments, the LNPs were formulated
either by hand or using microfluidics with the following ingredients: ionizable lipidoid,
cholesterol, the helper lipid DOPE, C44-PEG lipid, and mRNA encoding firefly luciferase (mLuc).
The first four ingredients were diluted in ethanol, and mRNA was diluted in citrate buffer to make

an aqueous solution. To create LNPs, ethanol and aqueous solutions were mixed by hand or via



a chaotic herringbone microfluidics mixing chip. Mice were IV-injected with resulting LNPs at a
total mLuc dose of 0.5 mg/kg, and resultant luciferase expression was quantified 3 hours post-

injection.

When formulated by hand, LNP 1 (Figure 1A and 1C) was the most potent, consistent
with previous studies from our group [53,65]. Here, it produced 10° p/s total luciferase signal in
vivo with up to 97% of the signal in the liver. LNP 2 (Figure 1B and 1D) has not been previously
described; it was chosen for this study because of its efficacy and its spleen and lung targeting
potential. LNP 2 was synthesized in the lab and confirmed by mass spectroscopy (S| Methods
and Sl Figure 1). In this study, its total luciferase signal in vivo was 108 p/s, with 30% and 2% of
the signal coming from the spleen and lungs, respectively. The ionizable lipidoids in LNPs 1 and
2 have similar molecular weights, head structures, and number of hydrophobic tails (Figure 1C
and D). In all in vivo experiments performed in this study, negative control groups included
untreated animals and those injected with naked mRNA. These groups produce background

luminescent signal on the order of 10°p/s and are not shown here.
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Figure 1. Lipid nanoparticles 3060;,, (LNP 1) and 5030;;, (LNP 2) are structurally similar
but have different organ tropism. LNP 1 (A) and LNP 2 (B) were manually formulated with



mLuc and IV-injected at a total mRNA dose of 0.5 mg/kg. Three hours later, luminescent signal
in the liver, spleen, and lungs was measured via IVIS. N = 3, error bars represent standard
deviation. (C, D) lonizable lipid structures with corresponding molecular weight in g/mol.

To select optimal mixing parameters, we first looked at what parameter combinations
have been successful in the literature [66,67]. We used these literature values to create a
design of experiment (DoE) based library of mixing parameters (Table 1). We have measured
total and by-organ efficiency of the resulting LNPs in vivo as well as LNP size, mMRNA
entrapment and surface ionization values at pH 5. The five best-performing parameter
combinations were tested with an additional two LNPs made with unique ionizable lipidoids (SI
Figure 2) to see if there were similarities among mixing conditions that produce efficient LNPs.
We wanted to know if mixing parameters are universal between different LNPs and looked for

relationships between solution ratios, mixing speeds, and in vivo efficacy.

Mixing condition Flow Rate, ml/min Aqueous to Ethapol solutions
ratio (v:v)
A 4 1.5:1
B 11 3:1
C 14 1:1
D 4 3:1
E 4 1:1
F 14 2:1
G 14 3:1
H 8 1:1
I 12 1:1
J 10 2:1

Table 1. DoE based microfluidics mixing parameters used for each of the mixing
conditions. Mixing conditions were generated by Design of Experiment software for the most
efficient coverage of the parameter space. Flow rate (4-14 ml/min), volumetric aqueous to
ethanol solutions ratio (1:1, 2:1, 3:1 and 3:2 ratios), and ionizable lipid were used as input
parameters. The generated library was then expanded to test each condition with both lipids,
resulting in 10 mixing conditions.



3.1 Mixing parameters did not perform uniformly for LNP 1 and 2

First, we compared the efficacy and organ distribution for LNPs generated using manual
mixing procedures to those using microfluidics. All microfluidic LNPs in this study were
generated with a Benchtop NanoAssemblr™ from Precision Nanosystems according to the 10
mixing conditions (A — J) described in Table 1. LNPs were then IV-injected into C57BL/6 mice at
a total mLuc dose of 0.5 mg/kg, and bioluminescence signal was quantified in five major murine

organs three hours after injection. Resulting total luminescence signal is shown in Figure 2.
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Figure 2. The mixing conditions used to formulate lipid nanoparticles impacted mRNA
delivery efficacy. Design of Experiments identified 10 sets of microfluidic mixing conditions A-J for
LNP formulation and testing (see Table 1 for mixing conditions). The mixing variables included flow
rate and the volumetric ratio of aqueous to ethanol streams. These nanoparticles were formulated
with one of two LNPs: A) LNP 1 or B) LNP 2. Mice were dosed with 0.5 mg/kg total mRNA encoding
firefly luciferase. Efficacy was quantified by luminescent flux via IVIS imaging and manually mixed
nanoparticles are shown with striped bars. N = 3, error bars represent s.d., with *, **, ***
representing p<0.05, 0.01, 0.005, respectively, according to a parametric two-tailed t-test.

Depending on the mixing parameters, LNPs performed from 100x worse to 4x better
than LNPs made manually. For LNP 1, only two microfluidic formulations (I and J) improved
potency, up to 4x, compared to the manual formulation (Figure 2A). For LNP 2, five formulations
(B, E, G, H, I) produced comparable efficacy to the manual formulation, and one formulation, C,
improved efficacy 2-fold (Figure 2B). Although the most potent formulations experienced more
variability in efficacy quantification, several nonetheless outperformed manually mixed
formulations with statistical significance.

Interestingly, mixing parameters did not perform uniformly across formulations. For

example, microfluidic mixing conditions B and C performed well for LNP 2 and poorly for LNP 1,



while the reverse is true for mixing condition J. This suggests that mixing parameters may

require experimental optimization for each LNP of interest.

3.2 Mixing parameters increase signal distribution to the spleen and liver in the most efficient

LNP formulations

In addition to efficacy, we examined whether the distribution of luciferase signal as a
function of organ changes when microfluidic mixing parameters are altered. This is an important
consideration, given that therapeutic applications are reliant on precise delivery to relevant
organs. For example, to treat cystic fibrosis, LNP cargo would be delivered ideally only to lung
tissue. Systemic CAR-T therapy, on the other hand, would require mRNA delivery to T-cells
throughout the body. Therefore, when an LNP formulation is developed for these applications, it
is vital that in vivo signal distribution is retained between LNPs mixed manually and LNPs mixed

using a microfluidics chip.

We next examined whether signal distribution as a function of organ would remain the
same for LNPs generated via microfluidic mixing versus manually. Figure 3 shows the
bioluminescence signal distribution for LNPs from Figure 1 that performed >25% of the
manually mixed LNPs. LNP 1 has a typical organ signal distribution, with most of its signal in the
liver [53]. Specifically, 97, 2, and 0.3% of its luminescent expression originated from the liver,
spleen, and lungs, respectively. For LNP 1 generated by microfluidic mixing (Figure 3A), the
liver remained as the source of 94% of the signal. The best performing mixing condition for LNP
1 (J), however, produced a significantly higher fraction of the signal in the spleen (up to 6% vs.
2%, Figure 3A). This higher spleen signal percentage is due to increased efficacy in the spleen

(Sl Figure 3), as opposed to lower overall efficacy.
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Figure 3. The mixing conditions used to formulate mRNA-loaded LNPs can shift LNP
tropism. LNPs generated via microfluidic mixing with >25% of the manual (man.) LNP efficacy are
shown here. LNPs were formulated with mRNA encoding firefly luciferase and delivered to mice at a
total MRNA dose of 0.5 mg/kg. A) LNP 1 is highly liver-tropic, regardless of formulation conditions.
B) LNP 2 is spleen- and lung-tropic when mixed manually and liver-tropic when mixed using | and C
microfluidic mixing conditions. N=3, error bars represent standard deviation, *** indicates p<0.001
according to a Dunnett multiple comparison analysis after two-way ANOVA.

LNP 2 transfects spleen to a higher degree than LNP 1, with a signal distribution of 68%
liver, 30% spleen and 2% lung. For LNP 2, when mixed using microfluidics, there were
nonsignificant differences in lung signal percentage. The best performing mixing conditions (|
and C) significantly decreased spleen signal percentage and increased liver signal percentage.
It is possible that this change in organ distribution is due to an increase in total signal in the liver
of I and C mixing conditions (Sl Figure 3). Further research is needed to determine why and
how certain mixing parameters can cause increased signal in the liver or spleen. Also, LNPs
with tropism to extrahepatocellular organs, like LNP 2, need to be tested for organ distribution

when made via microfluidics mixing to ensure retention of their unique features.

3.3 Each new LNP required optimization of mixing parameters

Next, we asked how mixing condition performance extended to additional LNP
chemistries. For these studies, we tested two more LNPs containing unique ionizable lipidoids,
each using the five mixing conditions from Table 1 (C, B, H, |, and J) that improved upon the

manual formulation performance of the LNPs 1 and 2. We wondered if LNPs 1 and 2 were too



different in total efficacy or signal distribution to perform optimally under the same mixing
conditions. Therefore, the two additional LNPs (LNPs 3 and 4) that we selected had similar
organ tropism to LNPs 1 and 2 when formulated manually. The ionizable lipidoid in LNP 3,
3060y, is structurally similar to LNP 1 with the only difference being the isomeric tail (SI Figure
2). When made by hand and IV-administered at a total mLuc dose of 0.5 mg/kg, LNP 3
produced up to 95% of its bioluminescent signal in the liver and increased to 3*108 p/s total
signal (Figures 4A and 4C). LNP 4 exhibited similar total signal and organ tropism to LNP 2
(60% liver, 25% spleen, 15% lungs) (Figures 4B and 4D).
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Figure 4. Mixing conditions must be optimized for each LNP. LNPs 1-4 were generated using
five sets of mixing conditions. Mice were IV-injected with mRNA encoding firefly luciferase at a total
dose of 0.5 mg/kg. Panels A) and B) show total efficacy for each LNP, normalized to that of the
manually mixed LNP. The most efficacious mixing conditions were not consistent across the LNPs.
Panels C) and D) show the efficacy distribution between liver, spleen and lungs for formulations
mixed manually (man.) and using microfluidics. Striped bars indicate that the formulation was
insufficiently efficacious to examine tropism. N=3, error bars represent standard deviation. *, *** ****
represent p<0.05, 0.005 and 0.001, respectively, compared to the efficacy of manually formulated
LNPs according to a parametric two-tailed t-test.
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Unfortunately, we again saw that there are no mixing parameters that would yield high
total signal across all LNPs (Figures 4A and 4B). Although the mixing parameter combination |
worked at least as well as the manual formulation for all four LNPs, further studies are needed
to determine if its potency extends to additional LNP formulations. LNP 3 signal percentage by
organ didn’t change when mixed via microfluidics (Figure 4C). Meanwhile, as with LNP 2, the
liver signal percentage increased with the potent LNP 4 (Figure 4D, formulation I). This trend

can be explained by an increase in total liver signal in LNPs 3 and 4 (S| Figure 4).

3.4 Microfiluidic mixing parameters did not correlate well with LNPs in vivo efficacy or their

physical characteristics

Next, we examined possible correlations between mixing parameters, LNP in vivo
efficacy, and LNP physical parameters like entrapment and particle size. For all manual and
microfluidic formulations of LNPs 1 and 2, we measured Z-average and number mean size
using dynamic light scattering and mRNA entrapment using the RiboGreen™ assay. Surface
charge was also measured via the TNS assay at pH 5, which determines LNP ionization levels
as a function of pH [36,68,69]. We measured surface charge at pH 5 because we previously

found that that this parameter correlated with in vivo efficacy [59].

These characterization data were input into Design Expert DoE software to produce a
correlation matrix for mixing conditions, LNP efficacy, and physical parameters (Figure 5A).
Mixing ratio has the strongest correlations with LNP characteristics: positive correlation with
entrapment % and TNS ionization of the LNP and negative correlation with number mean size
but not with z-average size. As seen in Sl Figure 5 those parameters unfortunately don’t
correlate with in vivo efficacy, which is reflected by low correlation between ratio and in vivo
potency. Flow Rate, surprisingly, didn’t correlate with physical parameters of the LNPs, although
it had a slight positive correlation with in vivo efficacy (Figures 5A, 5B and 5C). The aqueous to
ethanol solution ratio strongly correlated with LNP TNS fluorescence and entrapment while
having a slight inverse correlation with LNP in vivo efficacy (Figures 5A, 5D and 5E). Also, no
significant trends were seen when comparing flow rate and ratio with in vivo efficacy by organ
(Sl Figure 6).
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Figure 5. Microfluidic mixing parameters do not correlate well with efficacy or LNP physical
characteristics. A) Heatmap showing the correlations between microfluidic mixing conditions (total
flow rate, aqueous : ethanol solutions ratio) and LNP physical characteristics. Correlation values of 1
and -1 represent perfect positive and inverse correlations, respectively. White indicates no
correlation between the parameters. B) Total in vivo efficacy, normalized to manual formulation, of
LNP 1 and C) LNP 2 vs. flow rate. D) Normalized total in vivo efficacy of LNP 1 and E) LNP 2 vs. the
ratio of aqueous to ethanol solutions. n=3, error bars represent standard deviation.



4. Discussion

In this study, we investigated the relationship between microfluidic mixing parameters and
resulting LNP efficacy and organ tropism in comparison to LNPs mixed manually. We were
motivated to examine this, in part, for anecdotal reasons: our own lab has struggled with the
transition from manually mixed particles to those made via microfluidics, and there was limited
literature guidance on overcoming this challenge. It was clear that a better understanding of this

topic was needed.

This work demonstrates that the mixing methods used to generate LNPs affect their
performance in mice in terms of MRNA delivery efficacy and organ tropism. Depending on the
mixing parameters, LNP in vivo efficacy varied from 0.0025x to 4x the efficacy of the manually
made LNP (Figure 2). Higher in vivo efficacy has been previously reported for flow rates of 10-
20 ml/min and aqueous to ethanol ratios of 2:1 or 3:1 [40,46], which may occur due to smaller
LNP size and higher uniformity of the particles [70]. Our data also show that LNPs made using

microfluidic devices can perform up to 400 times worse that the manually made LNP.

Further, we found that mixing parameters differentially affected the performance of LNPs
generated with distinct ionizable lipids (Figure 4). Even small changes in ionizable lipid structure
led to differences in optimal mixing parameters: LNPs 1 and 3 contain a single carbon branch
difference on their tails. This small alteration markedly affects LNP in vivo behavior but also,
interestingly, their optimal mixing parameters. Further study is required to understand why such
subtle chemical differences on one out of the five components in an LNP has such an impact on
optimal mixing parameters. Based on these results, we anticipate that other alterations of the
chemical formulation in terms of lipid ingredients, their molar ratios, and the weight ratio of lipid

to mRNA will also impact mixing optimization.

We also found that mixing parameters influence the organ tropism of mMRNA expression
(Figure 3). Previous studies [71,72] have shown that increasing mol% of helper lipids and
decreasing mol% of cholesterol in an LNP formulation can dramatically shift LNP organ tropism.
It is possible that, despite identical mol% values in the lipid and RNA streams, that microfluidic
and manual mixing generate LNPs that have incorporated varied mol% of ingredients. Our Z-
average and number mean size data weakly correlated with efficiency or organ tropism,

suggesting that there are additional factors altered by mixing methods that influence LNP.



It is also known that internal lipid packing influences LNP efficacy and tropism, and mixing
parameters will affect the nanoprecipitation process and final packing. [73,74]. The influence on
potency is likely driven by the critical role that lipid packing plays on the LNP’s ability to escape
the endosome [74,75]. Regarding tropism, we anticipate that lipid packing influences the surface
composition of the LNPs and the resultant protein corona that forms in the bloodstream, which
is known to affect organ distribution and expression [55,76,77]. In this case, we are unable to
attribute altered tropism to differences in LNP size because our data show that LNPs of similar

size also differ in their tropism in vivo.

New and potentially improved variations on microfluidic mixing have been consistently
introduced over the last decade. Currently, there are several microfluidic chip architectures used
for LNP manufacturing, including T-mixing, herringbone mixing, and, most recently, ring mixers
[35,78,79]. While all three architectures differ in their fluid mechanics, they all include the
parameter inputs of flow rate and solution ratios. Work has already begun to identify structural
differences in LNPs made with different microfluidic mixing architectures [70]. More studies are
needed to determine whether optimal mixing parameters are maintained across varied

microfluidic platforms.

5. Conclusion

Here, we show that microfluidic mixing parameters significantly impact efficacy and organ
tropism for LNPs known to be potent when mixed by hand. Depending on LNP chemistry and
the mixing parameters used, LNP efficacy was either augmented or extinguished compared to
those made manually. The nanoparticles with increased efficacy exhibited enhanced organ
tropism in the liver. Although such an effect is desirable for liver therapy applications, mixing
parameters will require more balanced optimization when extrahepatocellular targeting is
desired. Overall, these data show that microfluidic mixing parameters will require optimization

for each LNP chemistry and ultimate application.
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Supplementary Information:
Materials and Methods

503 and 514 Amine Heads Synthesis

In @ 250 mL round bottom flask, sodium meta-bisulfite (1.065 equiv) was dissolved in
deionized water (67 mL) with stirring. Then, 37% aqueous formaldehyde (2 equiv, Sigma Aldrich)
was added to the mixture by a syringe and refluxed for 10 min. Once cooled to room temperature,
N,N'-diethyl-1,3-propanediamine (1 equiv., TCl, 514 Starting material) was added with vigorous
stirring for 4 h. Sodium cyanide (2.25 equiv, Alfa Aesar) was dissolved in deionized water (33
mL), added to the reaction mixture, and stirred o/n (CAUTION: NaCN is EXTREMELY TOXIC,
handle with the utmost care). The reaction mixture was transferred to a separatory funnel with
saturated NaCl (175 mL). The aqueous layer was extracted 3 times with dichloromethane (150
mL). The combined organic layers were dried over magnesium sulfate, filtered, and concentrated
via rotary evaporation. The concentrate was purified by chromatography using basic alumina and
dichloromethane as the eluent. The product was 514-CN. This process was repeated with N',N3-
dimethylpropane-1,3-diamine (TCI, 503 starting material), and the product was 503-CN.

All glassware was dried overnight in a 140°C oven. A 1000 mL 3-neck round bottom flask
with a condenser, glass stopper, gas adapter, and an unpierced septum was assembled under
nitrogen gas. The reaction vessel was cycled under vacuum and nitrogen gas three times and
then charged with dry inhibitor-free tetrahydrofuran (200 mL, Sigma Aldrich). On an ice bath,
lithium aluminum hydride (4.6 equiv, Sigma Aldrich) was added to the tetrahydrofuran in portions
to create a suspension. A 500 mL Schlenk flask was cycled under vacuum and nitrogen gas three
times and 514-CN (1 equiv) was added to the flask. Tetrahydrofuran (200 mL) was added to the
Schlenk flask to dissolve the 514-CN. The solution of 514-CN was then added to the reaction
vessel slowly. Then the vessel was allowed to reflux for 4 h. Once cooled to room temperature,
diethyl ether (150 mL) was added. Then the reaction vessel was placed in an ice bath. To quench
the reaction, water (4.2 mL), 15% aqueous NaOH (4.2 mL), and water (12.6 mL) was added
dropwise to the reaction mixture in succession (CAUTION: Extremely REACTIVE, add water
slowly). The ice bath was removed, the vessel brought to room temperature, and allowed to stir
for 15 minutes. The product was then dried via magnesium sulfate, filtered, and concentrated via
rotary evaporation. The concentrate was purified by chromatography over silica using
dichloromethane/methanol/ammonium hydroxide (60/30/10) as the eluent. Product was
confirmed with '"H NMR spectroscopy. Final products were head groups 514 and 503.

Oq,10 acrylate tail

This tail was synthesized by reacting alcohol (2-Hexyl-1-Decanol, Sigma Aldrich) with
acryloyl chloride (Alfa Aesar) and trimethylamine (Sigma Aldrich) at a molar ratio of 1:1.5:2 in
reagent grade acetone (Spectrum) in a round bottom flask on ice. Ice was removed after ten
minutes. Flask was allowed to equilibrate to room temperature and react for two hours. Quenching
of the reaction was done with 3 mL of deionized water for ten minutes. Product was then rotary
evaporated for ~ 1.5 hours, dissolved in ethyl acetate, and placed in a separation funnel. Four
washes were performed to remove contaminants: 1) NaCl (saturated) and water in 1:1 volume
ratio, 2) 1 N HCI and water in 1:1 volume ratio, 3) NaHCO; (saturated), and 4) NaCl (saturated).
Once the product dissolved in ethyl acetate was separated, 3-6 mg of 2,5 Di-tert-
butylhydroquinone was added to prevent polymerization. The product solution was dried over
magnesium sulfate and removed by filtration. The product was isolated by rotary evaporation. Tail
purification was performed using Teledyne ISCO Chromatography with dichloromethane as the
mobile phase and silica gel as the stationary phase. The structure of the Og 1o tail product was
confirmed by 'H (500 MHz) and '3C (125 MHz) NMR spectroscopy on a Bruker spectrometer.
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Figure 3. Improved efficacy of LNPs generated using microfluidics vs manual is due to
improved delivery to the liver and, sometimes, spleen. Microfluidic LNPs with >25% of the
manually mixed (man.) LNPs efficacy are shown here. LNPs were formulated with mRNA encoding
firefly luciferase and delivered to mice at a total MRNA dose of 0.5 mg/kg. A) When generated using
microfluidic mixing conditions | and J, LNP 1 had significantly higher signal in the liver compared to
the manual formulation and increased spleen signal for condition J. B) When generated with a
microfluidic device, LNP 2 showed increased signal in the liver compared to the manual formulation.
N = 3, error bars represent standard deviation, **, ***, **** indicate p<0.01, p<0.001 and p<0.0001
respectively, for liver efficacy, according to a Tukey multiple comparison analysis after two-way
ANOVA.
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S| Figure 4. The most effective mixing conditions were inconsistent across LNP formulations.
LNPs 1-4 were generated using five sets of mixing conditions. Mice were |V-injected with mRNA
encoding firefly luciferase at a total dose of 0.5 mg/kg and imaged using IVIS three hours post-
injection. Luciferase expression for A) LNPs 1 and 3 and B) LNPs 2 and 4 are shown by organ. N =
3, error bars represent standard deviation. **, ***, **** represent p<0.01, 0.001 and 0.0001,
respectively, for liver signal, compared to the efficacy of manually formulated LNPs according to two-
way ANOVA followed up by Dunnett multiple comparison.
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Sl Figure 5. There are no correlations between mixing parameters, LNP characterization
results, or in vivo efficacy. LNPs made with microfluidic mixing were measured for size and
entrapment. Resultant data were correlated with in vivo potency (A, B), flow rate (C, E) or mRNA to
lipid ratio (D, F). G shows size (N-mean, Z-average, and PDI), entrapment, and TNS ionization at pH
5 (TNS 5) data for manually mixed LNPs 1-4. N = 3. Error bars represent standard deviation and are
not shown for C-F for ease of reading the graph.
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Sl Figure 6. Mixing parameters did not correlate with efficacy distribution to the liver, spleen,
or lungs. Graphs show efficacy organ distribution as a function of A, B) flow rate and C, D) aqueous
to ethanol ratio. N = 3, error bars represent standard deviation.
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