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ABSTRACT: Lipid nanopatrticles (LNPs) containing short-interfering RNA
(LNP-siRNA systems) are a promising approach for silencing disease-¢ausing
genes in hepatocytes following intravenous administration. LNP-siRNA [AVAVANS
systems are generated by rapid mixing of lipids in ethanol with SiRNA in-— J X143t}
aqueous ber (pH 4.0) where the ionizable lipid is positively charged, NYAMANA
followed by dialysis to remove ethanol and to raise the pH to 7.4. lorffzappe< "
cationic lipids are the critical excipient in LNP systems as they drive™ =
entrapment and intracellular delivery. A recent study on the formation of ;
LNP-siRNA systems suggested that ionizable cationic lipids segregate from:
other lipid components upon charge neutralization to form an amorphous oil |
droplet in the core of LNPs. This leads to a decrease in intervesicle
electrostatic repulsion, thereby engendering fusion of small vesicles & EdMs of increased size. In this study, we prepared
LNP-siRNA systems containing four lipid components (hydrogenated soy phosphatidylcholine, cholesterol, PEG-lipid, and 1,.
dioleoyl-3-dimethylammonium propane) by midda mixing. The @cts of preparation parameters [lipid concentratien,

rate ratio (FRR), and totabw rate], dialysis process, and complex formation between siRNA and ionizable cationic lipids on the
physicochemical properties [siRNA entrapment on the particle size and polydispersity index (PDI)] were investigated using a desi
of experiments approach. The results for the preparation parameters showed no impact on siRNA encapsulation, but lip
concentration and FRR sigaintly aected the particle size and PDI. In addition, teetef FRR on the particle size was
suppressed in the presence of anionic polymers such as siRNA as compared to the case of LNPs alone. More intriguingly, un
empty LNPs, a decrease in the PDI and an increase in the particle size occurred after dialysis in the LNP-siRNA systems. Si
changes by dialysis were suppressed at FRR = 1. fidiage provide useful information to guide the development and
manufacturing conditions for LNP-siRNA systems.

INTRODUCTION vesicle fusion which leads to an increase in the LN&Size.
Lipid nanoparticles (LNPs) containing ionizable cationic lipid S the neutral ionizable lipids partition to the LNP core
are the most advanced nonviral nucleic acid delivery $ystem orming an oil-droplet phase, the pgr.tlcles. fuse to compensate
The ionizable cationic lipid component of LNP-short-°" the decreased surface-to-core lipid ratio. Changes of LNP-

§iRNA physicochemical pespes (LNP size, surface

interfering RNA (LNP-siRNA) systems, with an apparen it d hol h b h
pK, of less than 7.0, plays a critical role in SiRNA entrapme pmposition, an m&rp ology) have been shownetd a
the in vivo potency. ** Therefore, understanding thea

and endosomal escape within the cell and is also involved
dictating the internal morphology of the LRIPsAn
established rapid-mixing method for the preparation of LN
SiRNA systems is micuidics mixing as it ards controlled
mixing at the nanoliter scalé.LNP-siRNA systems are
generated by mixing an ethanolic solution of lipids with siRN
in aqueous beer at pH 4.0 where ionizable cationic lipids are
positively charged. Subsequently, LNP-siRNA suspensions-sx<
dialyzed to remove ethanol and to neutralize the pH, leading kgceived: October 19, 2020
LNPs with a relatively neutral surface. Revised: December 29, 2020
A recent study showed that as the pH is raised to neutral, &iPlished: January 13, 2021
increasing proportion of the ionizable cationic lipids adopts a
neutral form, thus decreasing the intervesicle electrostatic
repulsion, destabilizing the bilayer structure, and engendering

of ionizable cationic lipids on the physicochemical properties
Ip_f LNP-siRNA systems from a manufacturing perspective is
important for robust process development. However, only

limited reports are available on the impact of various

formulation parameters on the physicochemical parameters
of LNP systems.
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Figure 1.E ect of pH during dialysis on the particle silted circle) and PDI (empty circle) of empty LNPs (A) and LNP-siRNA systems (B).
Empty LNPs and LNP-siRNA suspensions injected intouitére were dialyzed against 25 mM sodium acetatgid 4.0, pH 4.5, and pH

5.0), 50 mM 24d-morpholino)ethanesulfonic acidéu(pH 5.5, pH 6.0, pH 6.5, and pH 7.0), 50 mM HEPES (pH 7.4), and PBS for at least 4 h.
Results indicate meanstandard deviatiom € 3).

In this study, we investigated theeat of preparation Analysis pf LNPs.Particle size and PDI analysis of empty LNPs
parameters [lipid concentratiolow rate ratio (FRR), and and LNP-siRNA systems were carried out using dynamic light

total ow rate (TFR)] on the particle size, polydispersity indeﬁca%erliqng.with a Me;lver:n Z(Ttasizr(]ar (Worcestershirer,1 UK). In orde.r to
; void the inuence of ethanol on the measurement, the concentration
(PDI), and siRNA entrapment of LNP systems prepared b%L ethanol in the sample was adjusted to be less than 0.5%.

micro uidics, including before and after dialysis against neut capsulation eiency of SiRNA was determined using the Quant-iT
solution [phosphate-bered saline (PBS)]. Furthermore, the gihogreen RNA assay (Life Technologies, BurlingtoriZ @8y,
relationship between the preparation parameters and thRp-siRNA was incubated at°&7 for 10 min in the presence or
properties was evaluated for LNPs with and without SiRNA bybsence of 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) followed
performing the same procedure for empty LNPs. A design by the addition of the ribogreen reagent. Tiheescence intensity
experiments (DoE) approach was used to systematicallgx/Em: 480/520 nm) was determined, and the samples treated with
evaluate these parameters, resulting in a decreased numbdrfigfn X-100 represent total siRNA while untreated samples

formulation run¥ 7 In order to implement a DoE approach, represent unencapsulated siRNA. Total lipid was determined by

LNPs were prepared using hydrogenated soy phosphatidylcgll%asuring the Chol content using the Chol E assay (Wako Chemicals,

- . hmond, VA), and the siRNA concentration was determined by
line (HSPC), cholesterol (Chol), and 1,2-disteareyliscero- measuring the absorbance at 266°nm.

3-phosphoethanol amiNegmethoxy-(polyethylene glycol)-  poE Approach. The experimental data were analyzed with the
2000] (ammonium salt) (PEG-DSPE), which have thestatistical software JMP 13 (SAS Institdti).this DoE approach,
added bené of being clinically approved lipid compounds.the three-factor BoBehnken design was used to be suitable for
In addition, we used, 1,2-dioleoyl-3-dimethylammoniumsecond-order models, which was composed of 15 preparation runs.
propane (DODAP) that has a reported appar&pt gb The design is cited as a common experimental design for screening
6.58'%19 Supporting Informatiostudies were performed to crucial factors. In this design, all factors (lipid concentration, FRR,
provide insight on the mechanistiecé of manufacturing and TFR) have three levels: low, center, and high. In addition, three

conditions and formulation on the physicochemical propertietE"ter samples were included in this design and used as a source for
&rror estimation. It was important to assign the appropriate level

ranges to each of the factors as they should be neither too close nor
MATERIALS AND METHODS too far away from each other. This reduces the probability to miss the
Materials. Lipid HSPC, PEG-DSPE, and DODAP were purchased@ptimal eect. The levels of each factor were set based on past
from Avanti Polar Lipids (Alabaster, AL). Chol and hyaluronic aciéleportsz***> Multiple regression analysis applying a least-squares
(HA) sodium (MW: 800015,000) were purchased from Sigma- assessment was performed to identify the preparation parameters
Aldrich (St. Louis, MO). The siRNA (siGAPDH) for this study was (lipid concentration, FRR, and TFR) considered to be crucial for the
purchased from Integrated DNA Technologies (San Diego, CA). Thearticle size and PDI of empty LNPs and LNP-siRNA systems. The
SiRNA sense and antisense strand sequences are mCmUrCrriadratic model calculated by using multiple regression analysis is
UmUrUrCrCrurGmGrUmArUmGrAmCrArAr CrGrAmAT, rArU- described by the following formula:
MUrCrGrururGmuUrCmArUmeCrCrArGrGrArArArum-
GrAmGmCmU, respectively. Y= ot Xt XF o X X XKy XX
Preparation of LNPs/LNP-siRNA SystemENPs were prepared + X2+ XA X2
as previously descridéd.Briey, lipid components composed of T
DODAP/Chol/HSPC/PEG-DSPE (50/10/39/1 mol %) were whereYis the particle size or PRlis a preparation parameter, and
dissolved in ethanol to a concentration of300mM total lipid. is a regression coeient. The predictive accuracy of the model was
The aqueous phase consisted of 25 mM sodium acetate p#.4 bu evaluated by using the scatterplot of experimental versus predicted
Since it has been reported that the pH of the aqueous pbeise a values and the adjus®Rdquared valu®y). Analysis of variance was
the entrapment of nucleic acids in LNPS|.NPs were prepared ata further conducted to identify the statistically signi terms of the
constant value of pH 4.0 in this study. In the case of LNP-siRNfodel. In addition, the response surface factors were generated using
systems, siRNA was dissolved at a charge ratio of N/P = 3 in 25 mitdis model to statistically and comprehensively assess the relationship
sodium acetate pH 4 ker. The two solutions were mixed through a of the parameters to the particle size and PDI. Since cryogenic
staggered herringbone micromiaea TFR of 13 mL/min and a transmission electron microscopy micrographs obtained for LNPs
FRR of the aqueous and the ethanol phases which was varied frofmate been reported to closely correlate with the number-weighted
to 5 v/v (aqueous/ethanol ratio). Unless otherwise spedhe average produced by dynamic light scattéring particle size was
resulting suspension was subsequently dialyzed against at least 1di8ftayed by number-weighted values, if not egeci
fold volume of PBS (pH 7.4) overnight (12 kb MWCO dialysis Statistical Analysis.All values were indicated as meatandard
tubing, Spectrum Labs, Rancho Dominguez, CA). deviation. Statistical comparisons between two conditions were
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performed using paired Stutettest. Values d? < 0.05 were  Table 1. DoEs for DoE-Based Micgdic Flow Setting®
considered to indicate statistical sigmice.

run no. lipid conc. (mM) FRR (vol/vol) TFR (mL/min)

RESULTS AND DISCUSSION 1 20 1 1

E ect of pH on the Particle Size and PDI of Empty 3 ;8 i ;
LNPs and LNP-siRNA System&NP-siRNA formed with 4 20 5 3
the use of a micraidic device are typically dialyzed in a 5 10 1 )
neutral buer to remove ethanol and raise the pH to 5 30 1 ’
physiological values. A recent study has revealed that in both7 10 5 ”
empty LNP and LNP-siRNA systems, the ionizable lipid DLin- 8 30 5 2
KC2-DMA is neutralized during dialysis in PBS pH 7.4, 9 10 3 1
leading to the formation of a destabilized lipid bilayer structure 10 10 3 3
that promotes particle fusfo our DoE approach, west 1 30 3 1
veri ed that a similar fusion can be induced in empty LNPs 1 20 3 3
and LNP-siRNA systems containing the ionizable lipid 20 3 2
DODAP by measuring the particle size over the range of pH 14 20 3 5
4.0 to pH 7.4 compared to PBSglre ). Both empty LNPs 20 3 5

and LNP-siRNA systems showed an increase in particle size . )
starting at around pH 6.5, suggesting that particle fusion had' eretr.'t "p'fd Cogcemr?t'omb FRE’LSrF‘,d .;E'z\ “Setd for tt?f
occurred. This is expected since the appatenf PODAP g{sgar:rf?e OreSSr?tedemp y an S| system in fhis
has been reported to be 6-58 ,and as the pH is raised above y P '

the K, value, more DODAP molecules become neutral.

Multiple Regression Modeling Based on DoE that a ect the outcomes (particle size and PDI). It can be seen
Approach. We next investigated theeets of preparation fromTable 2that FRR and FRR FRR showed a remarkable
parameters (lipid concentration, FRR and TFR), dialysis ect (P < 0.01) on the particle size and PDI of both empty
process, and complex formation between siRNA and ionizahlPs and LNP-siRNA systems. Previous work using LNPs
cationic lipids on the resulting properties of empty LNP andomposed of 1,2-dioleoyl-3-trimethylammonium-propane and
LNP-siRNA systems using a multiple regression analysis2-dioleoysiiglycero-3-phosphoethanolamine has also re-
Instead of a full-factorial design, the Bekinken approach ported that FRR in the range of 1 to 5 sagitly aected
was used as it was suited to create a quadratic model. A thrixe- particle size and Pbwhich is in agreement with the
factor BoxBehnken design is almost rotatable, which meangsults of this study. This highlights the importance of the
that all design points are at the same distance from the cenéthanol-to-aqueous ratio when controlling the physical proper-
of the design. Such a design lends itself to aptly createtias of LNP systems produced by midgdics. Furthermore,
response surface plot as the prediction error is the same forialithe case of LNP-siRNA systems, the lipid concentration
design points. The statistical approach using DoE to designshowed a sigriant eect on the particle size and PDI. Since
the optimal properties of LNPs has been investigated in mathe charge ratio (N/P) in the prepared LNP-siRNA systems
studies, and the usefulness of this approach has besas xed at 3, the concentration of SiRNA was also edoa
demonstrated in the development of LNP-related produdb maintain a constant lipid-to-siRNA ratio. Therefore, it is
formulation§!"*® expected that as the physical characteristics of LNP-siRNA

In this DoE study, the preparation parameters are shown §ystems are ected by the local concentration of DODAP/
Table 1 Since siRNA encapsulation values showed apprastRNA binding at the region where the twils mix in a
imately 90% in all LNP-siRNA systen®&upporting micro uidics device, higher concentrations of particles (in the
Information Figure S1), the particle size and PDI werepresence of the solvent) lead to increased and unintended
selected as physicochemical properties to be evaluated furthanticle fusion.
in this study. First, the accuracy of the multiple regression Model Analysis against the Properties of Empty LNPs
equations constructed by this design was evaluated. As shand LNP-siRNA SystemsThe impact on the statistically
in the scatterplots of experimental versus predicted valugigni cant eect of preparation parameters (lipid concen-
(Supporting InformatipnFigure S2), the coeients of tration, FRR, and TFR) on the patrticle size and PDI of empty
determination adjusted by the degrees of fread&yrwére LNPs and LNP-siRNA systems before and after dialysis was
high. TheR? values for particle size and PDI of empty LNPsfurther investigated in a resonance surface model using our
before dialysis were 0.94 and 0.99, respectively, whereas tiixse analysis.
values after dialysis were 0.99 and 0.92, respectively. Similarlyhe response surface factors against the particle size of
the R? values for particle size and PDI of siRNA-containingmpty LNPs and LNP-siRNA systems before and after dialysis
systems before dialysis were 0.96 and 0.95, respectively, amdshown ifrigures &and3, respectively. An overall trend of
0.91 and 0.95, respectively, after dialysis. Additionally, theerease in particle size following dialysis was observed with
mean of the experimental data (blue line) fell outside theoth empty LNPs and LNP-siRNA systems. As the FRR was
bounds of the 95% cadence area (pink area), indicating that increased (i.e., more aqueous), a reduction in the particle size
the overall regression model was statisticallycaigni on both empty LNPs and LNP-siRNA systems was detected.

Evaluation of Statistically Signi cant Preparation This is likely because FRR stronglgcs the polarity
Parameters. We then evaluated this data to further throughout the chamber as well as thal ethanol
understand the impact of lipid concentration, FRR, and TFRoncentration, resulting in the change of exchange rates for
on the particle size and PDI of these systems. As detailed in thdividual lipid molecules. In the studies using hydrodynamic
methods, the three parameters tested provide for nine variablesv-focusing techniques, the increase in the FRR has been
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Table 2. Eect of Each Factor against PDI and Particle Size of Empty LNPs and LNP-siRNA Systems

P value (prob >t])

after dialysis

1

empty LNPs LNP-siRNA systems
particle size PDI particle size PDI
factors before dialysis  after dialysis before dialysis after dialysis before dialysis after dialysis before dialysis
lipid conc. 0.044 0.879 0.187 0.271 0.001 0.025 0.018 0.040
FRR <0.001 <0.001 <0.001 0.009 <0.001 0.005 <0.001 <0.00
TFR 0.138 0.923 0.154 0.181 0.013 0.739 0.325 0.660
lipid conc.x lipid conc. 0.839 0.482 0.005 0.704 0.191 0.054 0.167 0.884
FRRx FRR <0.001 0.006 <0.001 0.004 0.025 0.117 0.004 0.006
TFRx TFR 0.452 0.599 0.036 0.077 0.220 0.462 0.972 0.944
lipid concx FRR 0.083 0.422 <0.001 0.032 0.257 0.099 0.136 0.044
lipid concx TFR 0.874 0.793 0.459 0.969 0.115 0.680 0.852 0.973
FRRx TFR 0.563 0.074 0.022 0.371 0.675 0.082 0.876 0.618
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Figure 2 Response surface factors against particle size of empty L'\"—E;Sure 3.Response surface factors against particle size of LNP-siRNA

before and after dialysis: theat of lipid concentration (mM) and
FRR (vol/val) on the particle size before dialysis at TFR (mL/min) =

2 (A), the eect of lipid concentration and FRR on the

after dialysis at TFR = 2 (B), theeet of FRR and TFR on the

particle size before dialysis at lipid concentration = 20

of FRR and TFR on the particle size after dialysis at lipi

concentration = 20 (D), the ect of lipid concentration
on the particle size before dialysis at FRR = 3 (E), an
lipid concentration and TFR on the particle size after d
=3 (F).

particle size
(C)etite e
and TFR

dettteot
ialysis at F

F).

reported to decrease the liposome particle®Sizémilar to

systems before and after dialysis: thet ef lipid concentration
(mM) and FRR (vol/vol) on the particle size before dialysis at TFR

what was observed in this study. On the other hand, ownd a high lipid concentration are used.
mathematical model showed that lipid concentration in

SiRNA systems but not empty LNPal{le 3. In the

model

(mL/min) = 2 (A), the e ect of lipid concentration and FRR on the
particle size after dialysis at TFR = 2 (B), teeteof FRR and TFR
on the particle size before dialysis at lipid concentration = 20 (C), the
e ect of FRR and TFR on the particle size after dialysis at lipid
concentration = 20 (D), the ect of lipid concentration and TFR on
Rq_@rticle size before dialysis, at FRR = 3 (E), and ¢lee & lipid
concentration and TFR on the particle size after dialysis at FRR = 3

con rmed that the particle size will likely increase if a low FRR

Figures 4and5 show the response surface factors against the
enced (with statistical sigrance) the particle size of LNP- PDI of empty LNPs and LNP-siRNA systems before and after

analysis, it was observed that the particle size of LNP-siRNAntrol the PDI of LNPs because theusion rate in
systems was ected by the FRR and lipid concentration andmicro uidics is reduced at a low FR&. Increased FRR (to
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Figure 5. Response surface factors against PDI of LNP-siRNA
Figure 4 Response surface factors against PDI of empty LNPs befa#gstems before and after dialysis: teet ef lipid concentration
and after dialysis: theegt of lipid concentration (mM) and FRR (mM) and FRR (vol/vol) on PDI before dialysis at TFR (mL/min) =
(volivol) on PDI before dialysis at TFR (mL/min) = 2 (A), theet 2 (A), the eect of lipid concentration and FRR on PDI after dialysis
of lipid concentration and FRR on PDI after dialysis at TFR = 2 (B)at TFR = 2 (B), the eect of FRR and TFR on PDI before dialysis at
the eect of FRR and TFR on PDI before dialysis at lipid lipid concentration = 20 (C), theet of FRR and TFR on PDI after
concentration = 20 (C), the ect of FRR and TFR on PDI after dialysis at lipid concentration = 20 (D), theeat of lipid
dialysis at lipid concentration = 20 (D), theea of lipid concentration and TFR on PDI before dialysis at FRR = 3 (E), and
concentration and TFR on PDI before dialysis at FRR = 3 (E), anthe e ect of lipid concentration and TFR on PDI after dialysis at FRR
the e ect of lipid concentration and TFR on PDI after dialysis at FRR 3 (F).
=3 (F).

The second trend related to the change in particle size and

3) was associated with a decreased PDI in both empty LNIP®I as a result of FRR. Empty LNPs displayed a similar small
and LNP-siRNA systems. However, in the rangebdfRR, particle size at FRR = 3 and 5; however, the particle sizes (and
no impact on PDI was observed. In addition, lipidPDI) before and after dialysis were much larger at FRR = 1. In
concentration was found to have a greater impact on thmntrast, for LNP-siRNA, the particle sizes stayed relatively
PDI of LNP-siRNA systems than on that of empty LNPs, andonsistent before dialysis regardless of FRR. A similar
there was a tendency for the PDI to increase with increasinfservation was made for the post-dialysis samples, where all
lipid concentration. Interestingly, a reduction in the PDI waformulations displayed similar sizes that are generally larger
observed following dialysis in LNP-siRNA systems. than their predialysis counterparts. This indicates that the

Comparative Evaluation of DoE Results for Empty presence of anionic cargo such as siRNA limits the rearrange-
LNPs and LNP-siRNA Systems before and after Dialysis. ment of lipids. Consistent with previous observatione
The experimental results of this DoE approach (outlined ibelieve that the dramatic eliences for empty LNPs were a
Table ) are shown irFigure 6to compare changes in the result of substantial lipid reorganization.
particle size and PDI before and after dialysis between emptyE ect of pH Neutralization in the Presence or
LNPs and LNP-siRNA systems. Tweerdint trends were Absence of Ethanol. LNP-siRNA suspensions prepared at
identi ed between empty LNPs and LNP-siRNA system$RR = 1 (with 50% ethanol v/v) showed little change in the
First, LNP-siRNA systems showed substantial reductions particle size and PDI before and after dialysis. In order to study
the PDI following dialysis, while the PDI of empty LNPsthe e ect of pH neutralization in the presence of ethanol on
generally remained the same or slightly increased followitige particle size and PDI of LNP-siRNA, two formulation
dialysis. Furthermore, the increase in the particle size thatocesses were tested. LNP-siRNA produced at FRR =3 and 1
occurred after dialysis was much higher with LNP-siRN#ere collected and neutralized by (1) dialysis against PBS or
systems than with empty LNPs. This observation is consistd®) by injection into micraiidics with 50 mM 4-(2-
with previous data that showed loaded systems (at FRR = Bydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) bu
display generally larger sizes than the unloaded forfulatiqpH 8.0) containing 200 mM sodium chloride followed by
and that the presence of siRNA should contribute to increasidgplysis. The composition of the HEPE®bwas adjusted to
particle size. show a salt concentration and pH similar to those of PBS after
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Figure 6.Comparative evaluation of DoE results for empty LNPs and LNP-siRNA systems before (white bar) and after dialysis (gray bar): PDI
before and after dialysis of empty LNPs (A) and LNP-siRNA systems (B) and particle size before and after dialysis of empty LNPs (C) and LNP
SiRNA systems (D). For formulation parameters of each run, pleasd afier IdResults indicate mearstandard deviatiom € 3). ** P <

0.05** P < 0.01, and** P < 0.001.

Figure 7.E ect of ethanol content on the change of particle size (solid bar) and PDI (closed ciretehtrpéi neutralization methods. LNP-
SiRNA suspensions were prepared under the condition of FRR = 3 (A) and 1 (B) bidioécrBach suspension was divided to neutralize by
(1) dialysis with PBS or (2) by injection into micidics with 50 mM HEPES Har solution (pH 8.0). The changes in particle size and PDI
before and after neutralization of the suspension prepared at FRR = 3 and 1 were compegat deutialization methods. Results indicate
meant standard deviatiom £ 3).

the injection into the micraidics. As shown iRigure A, contents provide an environment with relatively high viscosity,
LNP-siRNA prepared at FRR = 3 showed an increase msmolality, and lipid solubility, which are supportive of
particle size and a decrease in PDI after neutralization, hutcontrolled particle fusion. In addition, it is likely that the
there was no dérence between the two pH neutralization LNP metamorphosis that occurs as the pH is neutralized is a
methods. On the other hand, as showigare B, in LNP- shear-sensitive process leading to a particle size increase.
siRNA suspensions with FRR = 1, a signi increase in the Although further studies are needed, ndings suggest that
particle size and a decrease in the PDI were observed after ihld method of pH neutralization process in manufacturing is
neutralization using the mianaic mixer. This relationship important to obtain LNP-siRNA with desirable properties
between the FRR and particle morphology is consistent wifde ned particle sizes, low polydispersity indices, and high
similar observations for particles composed of DSPC/Chokntrapment).

PEG-DSPE (52/45/3 mol %) prepared using the same E ect of the Binding of siRNA with DODAP on the
technigue at FRRs of 1 and3ipporting Informatipfrigure Particle Size of siRNA-LNP System&he increase in the

S3). It suggests that higher FRRs produce larger particle sipasticle size with decreasing FRR (i.e., more ethanol) was
even when the protonation states of ionizable lipids are nstippressed in the presence of siRNA as compared to the case
convoluting factors to the size and morphology. High ethanof empty LNPs. Therefore, it is considered that small vesicles
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Figure 8.Response surface factors against particle size of empty LNPs (A), LNP-HA complexes (B), and LNP-siRNA systems (C) after dialysis
the e ect of FRR (vol/vol) and TFR (mL/min) on the particle size at lipid concentration = 20 mM. In the preparation of LNP-HA complexes, HA
was dissolved at a charge ratio of DODAP nitrogen/HA carboxylic acid (N/COOH) = 3 in acetate bu

which contain siRNA between closely apposed lipid monoranufacturing step from rapid mixing to dialysis, the presence

layers are not acted by the ethanol concentration because obf sSiRNA dramatically impacts the physicochemical properties

their low solubility in ethanol. In addition to this, we haveof LNP-SiRNA systems. The results and discussions above are

previously shown thditeée ionizable lipid (i.e., not interacting expected to enable robust commercial production from lab-on-

with nucleic acid) contributes to particle rearrangement ara-chip scale not only for LNP-siRNA systems but also for new

that ionizable lipid interacting with nucleic acid does noformulations of LNP systems with other anionic cargos such as

support rearrangement. With high ethanol ratios (low FRRINRNA and DNA.

empty LNPs showed a remarkable increase of particle size,

likely due to increased solubility of all lipid components inthe ASSOCIATED CONTENT

high ethanol content solution. *
In order to show that the formation of small vesicles wit h

anionic polymers is related to the change in particle size W’Il&

low FRR, complexes with HA with molecular weight similar to

that of SiRNA were prepared, and the particle size was Encapsulation &iency of siRNA/LNP systems pre-

evaluated. HA has previously been reported to form complexes pared by micraidics in the DoE approach; scatterplots

with cationic liposomes in a manner similar to nucleic¢Zacids, of experimental vs predicted values modeled by multiple

although the acidity of its carboxylic acid is relatively lower  regression based on DoE for PDI and particle size; and

than that of phosphoric acid in siRNA. The experiments were € ect of FRR on the morphology of particles composed

performed using the same DoE approach as in the comparative 0f DSPC/Chol/PEG-DSPE (52/45/3 mol %)PDF)

studies of empty LNP with LNP-siRNA systems, and the

results were analyzed as resonance surface modeling based OR | ) THOR INFORMATION

z-average values. As expected, LNP-HA systems (LNP i

containing HA) demonstrated that the degree of change {rorresponding Author _ _

particle size caused by FRR was smaller than that of emptyf @keshi Terada Department of Biochemistry and Molecular

LNPs but larger than that of LNP-siRNA systems, suggesting B|ology,- University of Bl’ltlslh quumb|a, Vancouver, British

that the binding anity of small vesicles with anionic cargos ~ Columbia V6T 173, Canac'aprcid.org/0000-0002-

plays a signiant role in the formulation of the LNP 9215-6744Email:terada.takeshi@mk.mt-pharma.co.jp

complexes Higure §. Further studies are required to

determine how dérent types of anionic cargos (medi

nucleic acids or peptides) uence nanoparticle formation.
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