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Abstract

Lipid nanoparticles (LNPs) are the delivery system behind the success story of mRNA vaccines and
the development of DNA and peptide vaccines. LNPs should have particle sizes ranging from 60 to 150 nm
for such applications. Achieving such particle size criteria can be challenging in the LNP preparation using
a micromixer system with different parameters: i.e., the N/P ratio, aqueous flow rate (AFR) and total flow
rate (TFR). Such an issue can be addressed by applying response surface methodology (RSM). Therefore,
in this study, we implemented RSM to optimize LNP preparation parameters, including the N/P ratio and
AFR. TFR remained constant at 1 mL.min! since, from a previous study, it is not a critical parameter for
achieving the desired LNP size. Here, we used the pDNA of ACE-2 as a dummy nucleotide. Particle sizes
of the resulting LNPs were determined using a dynamic light scattering (DLS) method. Our results indicate
that AFR is a significant factor in determining LNP size, whereas the N/P ratio does not have a significant
impact on LNP size. We achieved an LNP size of 104.00 nm by applying the N/P ratio of 32.0000 and AFR
of 0.9621 mL.min™". Our results showed that RSM could ease the optimization process in the preparation
of LNP, which may support the acceleration of vaccine development.
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Introduction

LNPs have many applications, such as in drug delivery systems [1], DNA, mRNA [2,3] and peptide
vaccines [4]. LNPs are crucial delivery systems that efficiently transport these components to specific cells.
LNPs offer protection and stability to the encapsulated material during storage and transportation. They
enhance cellular uptake by interacting with cell membranes and facilitate targeted delivery to the desired
cells [5,6]. LNPs can be engineered to achieve controlled release, allowing for gradual and sustained
delivery of genetic material or peptide antigens. This controlled release mechanism is beneficial in
generating a robust and long-lasting immune response. LNPs possess biocompatible properties and can be
customized to meet the specific requirements of different vaccines [7-9].

The size of LNPs significantly affects their efficiency in the desired applications [10]. The size criteria
for LNPs are diverse. In drug delivery systems, the size of LNP ranges from 10 nm to 20 um, depending
on the drug delivery route [1]. LNPs utilized in vaccines require a size of 200 nm to attach to DC cells.
Meanwhile, Hassett et al. [11], have exhibited that LNP sizes ranging from 60 - 150 nm can generate strong
immune responses.

The self-assembly process of LNPs often lacks consistency in generating particles with uniform sizes,
attributable to various factors such as AFR and N/P ratio. These inherent variabilities pose challenges in
achieving the desired particle size range, underscoring the significance of parameter control for consistent
outcomes and quality assurance [12]. Furthermore, the complexity is amplified by the selection of lipid
composition and formulation parameters, as different lipids and excipients possess unique properties that
can impact the final particle size [13].
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The ideal sizes of the LNPs for vaccine development (60 - 150 nm) can be obtained by performing
appropriate experimental optimization designs. The conventional experimental design uses the method of
one factor at a time (OFAT) to obtain the optimum conditions for the involved factors [14]. In the OFAT
method, each factor varies over its range, while other factors being constant at particular levels [15]. Despite
being widely used in many research, OFAT does not consider possible interactions between factors, which
may lead to failure in finding the true optimum condition [15,16]. Furthermore, OFAT is inefficient and
requires many runs of experiments [16].

One of the modern strategies in experimental optimization is RSM, which varies all significant factors
simultaneously [15]. RSM uses multivariate mathematics and statistics to find factor settings yielding an
optimal response [15]. Unlike OFAT, RSM considers any interaction between factors. Therefore, RSM is
suitable for finding the optimum factor settings [17]. In addition, it can minimize experimental costs and
save time [18].

RSM has successfully assisted optimization in various fields [19]. Using RSM, Subramaniam et al.
[19] optimized the formulation of nanostructured lipid carriers. Meanwhile, Hartati et al. [20], employed
RSM to develop an aptasensor for hypertension.

RSM is a statistical approach that is commonly used to optimize process parameters and determine
the optimal combination of variables [21]. In our study, RSM was employed to optimize the N/P ratio and
AFR in order to enhance the efficiency of LNP production. RSM allows for the exploration of the response
surface and the identification of the optimal operating conditions by fitting a mathematical model to
experimental data [22,23]. The objective is to achieve particle size uniformity and essential factors for
effective LNPs formulation. Through this optimization process, researchers can streamline the production
of LNPs, minimizing variations and ensuring consistent, high-quality results. In the current study, we
implemented RSM to find an optimal factor setting in the preparation of LNP containing pDNA. We used
pDNA as a starting point before developing an mRNA vaccine due to its stability even at room temperature
[24,25].

The size of LNPs is influenced by several factors, including the N/P ratio [26] flow rate ratio (FFR),
and total flow rate (TFR) [10]. N/P is the ratio of the “N” amine group in ionizable lipids to the Phosphate
“P” group in nucleic acids [27], whereas FRR is the ratio of aqueous-to-organic flow rate [28]. TFR is the
summary of the aqueous and organic flow rates. We found that varying aqueous flow rates (AFRs) were
more practical than FRRs (unpublished result). Therefore, in the present work, we optimize the size of
LNPs-pDNA using RSM by varying the N/P Ratio and AFR. We fixed TFR 1 mL.min"!, adopted from
[29], because TFR is not a critical parameter according to [30].

Materials and methods

Materials

pDNA Human ACE-2 (Sino Biological), SM102 (Sinopeg), DSPC (Sinopeg), PEG-2000 (Sinopeg),
Cholesterol (Nippon Fine Chemical Co., Ltd.), Sodium Citrate (Merck), Phosphate Buffer Saline (Sigma-
Aldrich).

Instrumentation

Syringe Pump ICEN IN-G602 (ICEN Technology Company Limited), Staggered Herringbone mixer
(SHM) (Microfluid chipshop), electrophoresis (Bio-rad), nanodrop2000 (Thermo Fisher Scientific),
Zetasizer Nano Series (malvern panalytical).

Methods

Preparation of buffers

PBS was prepared by diluting the instant tablet in 200 mL of Aquadest sterile and adjusting the pH to
7.4 using NaOH or HCI [27,31]. Citrate buffer was made by mixing 5 mM sodium citrate, 5 mM citric acid,
and 150 mM sodium chloride in aquadest sterile [27], and adjusting the pH to 3. TAE 1x buffer was
prepared from TAE 50x buffer, which was made by weighing out 30.25 g of Tris-base and dissolving it in
approximately 62.5 mL of Aquadest Sterile. Seven point one 5 mL of 100 % glacial acetic acid and 12.5
mL of 0.5 M EDTA (pH 8.0) were then added to the solution and the mixture was adjusted to a final volume
of 125 mL using Aquadest sterile. The pH of this buffer should be around 8.5 without any adjustment and
should be stored at room temperature. TAE 1x buffer was then obtained by diluting 20 mL of TAE 50%
with Aquadest to a final volume of 1,000 mL. The final concentration of TAE 1% in the gel or running
buffer will be 40 mM Tris, 20 mM acetic acid and 1 mM EDTA [32].
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Isolation, characterization and quantification of plasmid pET28a-ACE2 from glycerol stock of
E. Coli BL21(DE3)

The glycerol stock of E. Coli BL21(DE3) [pET28a-ACE2] was grown in 5 mL Luria Bertani medium
containing kanamycin 25 ng.mL™!, then incubated at 200 rpm, temperature 37 °C for 16 - 18 h. Harvesting
and isolating the gene following the protocol from GenElute™ Plasmid Miniprep Kit (Sigma Aldrich).

The isolated plasmid of 5 pL was added with 1 pL of loading dye and 1 pL of gel red until the final
volume was 7 pL. As a control, DNA markers were prepared by adding 4 pL NFW, 1 pL loading dye, 1
pL gelred and 1 pL DNA ladder 1 kb.

The isolated plasmids and markers were added to wells in a 1 % (w/v) agarose gel. The agarose gel
was made by mixing 0.35 g of agarose with 35 mL of 1XTAE buffer. The mixture was then subjected to
electrophoresis at a voltage of 80 V for 45 min, with 1 xTAE buffer serving as the current-carrying medium.

The purity of the plasmid DNA isolate was determined by an absorbance ratio of 260/280 nm. The
purity and concentration of plasmid DNA was determined using a NanoDrop 2,000 spectrophotometer
(Thermo Scientific) [33].

N/P calculation

The N/P ratio is the total number of ionizable lipid amine groups (N) to the total number of negatively
charged nucleic acid phosphate groups (P) [27]. According to Bailey-Hytholt et al. [27], the stages for
calculating N/P include determining the number of N and P units, the nucleic acid mole and the mass
concentration of nucleic acid. The number of N units was calculated using the Eq. (1) below:

N = Ionizable Lipid Concentration X Lipid Mix Injection Volume
X Avogadro's Number x Number of N per lonizable Molecule (1

The number of P units was determined as follows:

P=NXx
(2)
where x is a desired value for the N/P ratio.
The nucleic acid mole was computed using the following formula (Eq. (3)):

The moles of Nucleic acid
P

- Avogadro’'s Number X Number of P per Base pair X Number of Bases

)

where, the number of P units per base pair for DNA is 2.
The mass concentration of nucleic acid was calculated by employing the Eq. (4) below:

The mass concentration of Nucleic acid
_ Moles of Nucleic Acid X Molecular Weight of Nucleic Acid

Nucleic Acid Solution Injection Volume

“4)

Because the stock of isolated pDNA produced is small, the lipid concentration must be adjusted to
the desired N/P.

LNPs preparation and characterization

The mixture of lipid components was based on a molar ratio of 50:38.5:10:1.5 (SM102: Cholesterol:
DSPC: PEG) [34] with a total stock lipid concentration of 10 mM in ethanol [27]. The final total lipid
concentration was determined by the resulting N/P ratio. The lipid solution was sterilized using a 0.25 pm
pore size filter. The pDNA isolate was solubilized using sterile citrate buffer. Encapsulation was performed
by running the syringe pump at the desired flow rate. The LNPs mixture was placed in a tube containing
4xPBS. The LNPs were then measured using a Zetasizer according to standard operating procedures (SOP),
including materials (LNPs and PBS), cell type (ZENO0118), temperature (25 °C), and 3 runs.
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Optimizing LNPs using RSM

Constructions and data analyses of all experiment design matrices were performed in the R
programming language [35], on the Jupiter-Notebook application [36]. The experimental factors used were
the N/P ratio and the AFR, while the response was particle size. The 1%-order design consists of a 2-level
full factorial and 4 center points, generated by the FrF2 package [37]. The experiment results were analyzed
to check the curvature using a 1%-order regression in the rsm package [38]. First-order regression model
shows a lack of fit if the curvature is detected, indicating experimental conditions are close to the optimum
region [15,16]. For optimizing the response, we used a central composite design (CCD) [39,40], generated
using the ccd command in the rsm package. A 2"-order regression was utilized to analyzed the CCD
experiment results. The main effect plot was generated using the FrF2 package, while contour and surface
plots were created using the plot and presp commands, respectively, in the graphics package [35].

Results and discussion

Glycerol stock of E. Coli BL21(DE3) containing pDNA [pET28a-ACE2] was successfully grown,
and [pET28a-ACE2] was isolated (Figure 1). ACE-2 gene was used as a dummy gene in this study.

8891 10.000 bp

8.000
6.000
4880

Figure 1 Agarose 1 % in TAE gel electrophoresis of [pET28a-ACE2]. Note: M: GeneRuler 1 kb DNA
Ladder; 1: 1% tube of [pET28a-ACE2]; 2: 2™ tube of [pET28a-ACE2]; 3: 3 tube of [pET28a-ACE2].

Based on agarose gel electrophoresis characterization (Figure 1), 2 bands emerged from the pDNA
isolate. The bands that appear are supercoiled DNA (4,880 bp) and nicked DNA (8,891 bp) bands [41]. The
isolation of pDNA resulted in more than a single band because it had not been linearized using restriction
enzymes. The actual target pDNA size was 5,659 bp. The size of the target pPDNA cannot be obtained
accurately by the product instruction if there is no restriction on the pDNA.

Before using a DNA sample, the quality must be determined through the purity of the DNA.
Absorbance ratios at 260 and 280 nm were used to assess DNA purity [42]. DNA purity is indicated by the
absorbance ratio of 260/280 ~ 1.8 [43], 1.7 to 1.9 [44], or with an average value between 1.8 and 2.0 [45].
The pDNA used was purely based on the A260/A280 ratio value of 1.86 and had a concentration of 26.4
ng/uL. The pure isolate was dissolved into citrate buffer pH 3, which is commonly used to dissolve DNA
in LNP manufacture [46].

The mixture of lipid components used was based on a molar ratio of 50:38, 5:10:1.5 (ionizable lipid:
cholesterol: DSPC: PEG) [37,47]. Ionizable cationic lipids are vital in the self-assembly of LNPs containing
nucleic acid. Additionally, they affect the structure and stability of LNPs and endosomal disruption. In this
study, we utilized the ionizable lipid of SM-102 [48], which was previously successfully used in modern
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vaccine formulations [49]. The SM-102 is conical in shape with a small head group and a broader cross-
section of the molecule in the tail group incompatible with the lipid bilayer. Therefore, the endosome
membrane’s stability is disturbed, allowing the nucleic acid payload to be released to the cytosol [50].
Cholesterol is a helper lipid that enhances intracellular delivery and LNP stability in vivo [51]. Cholesterol
had the highest LNP-mRNA encapsulation efficiency and the smallest size and polydispersity index (PDI)
compared to other lipids [52]. DSPC is a phospholipid component that can balance the non-bilayer tendency
of cationic lipids by providing a stable bilayer-forming structure. Previous research confirms that DSPC is
localized mainly at the surface of mRNA-containing LNPs [53]. The central role of PEG is to form a steric
barrier in the form of a hydrophilic layer on the surface of the nascent particles. PEG steric hindrance
prevents inter-particle fusion and promotes the formation of a homogeneous population of LNPs, thereby
contributing to storage stability [54].

Curvature check in the size optimization of LNPs containing pDNA

In this research, we optimized the size of lipid-encapsulated pDNA particles to achieve the LNP
criterion (< 400 nm) [55] using 2 parameters: The N/P ratio and AFR. For the N/P ratio, we employed 8
and 32 as the low and high levels, respectively, according to the previous studies [16,17,40]. Meanwhile,
the AFR levels of buffer and ethanol were set to 3:1, adapted from others [27,58] and 1:3 as a comparison.
TFR was set constant at 1 mL.min™' [28]. A combination of the N/P ratio and AFR parameters generated a
2-level full factorial design. Additionally, 4 replicated center points were appended to the 2-level full
factorial design to give adequate information about possible curvature in the surface response [61]. Adding
4 replicated center points to a 2-level full factorial design form a 1%-order design [15]. The center points
used in our work were 20 and 0.5 mL.min™! for N/P AFR, respectively. The 1%-order design is useful to
check a curvature in the RSM experiment [1538], based on the response represented by a linear function of
the variables [60,61]. The run order of the design was randomized to reduce bias [62] and the influence of
uncontrolled variables [63], during the encapsulation of pDNA by a lipid formulation using a staggered
herringbone micromixer system [64].

Table 1 The size of lipid-encapsulated pDNA particles based on the experiment of 1%'-order design.

NO N/P mfnlfiz—l Polydispersity Index Parﬁ;‘;’l Size/
1 20.0000 0.5000 0.216 27030
2 20.0000 0.5000 0.190 262.70
3 32.0000 0.2500 0.272 865.70
4 8.0000 0.2500 0.112 633.80
5 20.0000 0.5000 0.177 338.80
6 32.0000 0.7500 0.188 147.10
7 8.0000 0.7500 0.365 381.10
8 20.0000 0.5000 0.286 328.90

Note: “AFR is the flow rate of DNA in aqueous solution with a total flow rate along with lipid in ethanol.

The resulting lipid-encapsulated pDNA particles were characterized using a dynamic light scattering
(DLS) method [65]. Our results (Table 1) generally satisfied the LNP size requirement [55]. Nonetheless,
for intravenous injection purposes requirement [55], only 1 preparation yielded an LNP with a particle size
of 147.1 nm. It was obtained at an N/P of 32 and an AFR of 3:1. Increasing the N/P ratio decreases the size
of LNPs [66] and raises transfection efficiency in gene delivery systems [67]. The best AFR obtained from
the 1%-order experiment, aqueous/ethanol of 3:1, is consistent with other previous studies [27,50,68-69]
where the lower lipid concentration tends to produce a small size of LNPs. In our experiment, we found the
increased particle size when the AFR is 1:3, where lipid concentration is relatively high. This result has
also been discussed by Maeki et al. [65].

Although the 1%-order experiment gave only 1 result that fulfills the LNP criterion, all the obtained
data (Table 1) are very valuable for the curvature check for optimizing LNP size. The 1%-order regression
model from those data reveals a significant lack of fit (p-value = 1.16x1072, & = 5 %) (Table S1), reflecting
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that the parameter settings of LNP preparation are close to the optimum region. Furthermore, we also
computed a model incorporating 1%-order and 2-way interaction terms. The acquired model was visualized
into a contour (Figure 2(A)) and a 3-dimensional (3D) surface plot (Figure 2(B)).
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Figure 2 (A) Two-way interaction model visualized in contour and (B) 3D surface plots. The black dots in
the corners and middle of the contour plot represent 2-level factorial design and center points, respectively.

In agreement with a significant lack of fit of the 1%-order model (Table S1), contour and 3D surface
plots portray a curvature toward a minimum region (Figures 2(A) - 2(B)), particularly around the N/P ratio
of 30 and AFR of 0.75 mL.min"!. Both graphs suggest that further experiments should explore the N/P ratio
and AFR to produce smaller particle sizes beyond 30 and 0.75 mL.min"". In another study [27], the smallest
LNPs were achieved by employing an N/P ratio of 36. Therefore, we constructed an experiment of central
composite design (CCD) covering an N/P of 36 and AFR of more than 0.75 mL.min™!,

Central composite design

To explore more regions around the parameter setting of AFR at 0.75 mL.min™! and N/P ratio at 30,
we constructed a CCD matrix using the rsm package. We set a new center point comprising an AFR of 0.75
mL.min™!' and an N/P ratio of 32. Six replicated center points were selected to give a uniform precision
property of CCD [16]. For the low and high levels of the N/P ratio, we opted 27 and 37, respectively. This
parameter setting covers an N/P ratio of 36. For the AFR, 0.6 and 0.9 mL.min™' were chosen as the low and
high levels to investigate the unexplored minimum region beyond 0.75 mL.min"' (Figures 2(A) - 2(B)).
CCD also contains axial points, making the design rotatable [58]. The presence of center and axial points
allows quadratic term estimation, which is vital for determining optimum conditions [16], in the LNP
preparation. The CCD matrix for the experiment of lipid-encapsulated pDNA is shown in Table 2.

Table 2 The CCD matrix for lipid-encapsulated pDNA experiment and the resulting particle sizes.

NO N/P mllil:nl};* Polydispersity Index Partilclll:; Size/
1 37.0000 0.6000 0.120 267.30
2 27.0000 0.9000 0.167 122.67
3 27.0000 0.6000 0.081 250.53
4 37.0000 0.9000 0.233 123.17
5 32.0000 0.7500 0.218 135.60
6 32.0000 0.7500 0.182 126.27
7 32.0000 0.7500 0.171 144.73
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AFR/

Particle Size/

NO N/P mL.min-! Polydispersity Index om
8 32.0000 0.9621 0314 104.00
9 32.0000 0.7500 0.177 127.23
10 39.0711 0.7500 0.230 140.77
11 32.0000 0.7500 0.376 162.80
12 32.0000 0.7500 0.128 125.90
13 32.0000 0.5379 0.143 324.13
14 24.9289 0.7500 0.171 139.30

According to the parameter conditions in the CCD matrix, as shown in Table 2, we performed a serial
run of pDNA encapsulations, followed by particle size measurements. The acquired particle sizes are
similar to the previous 1%-order experiment (Table 2). These results indicate that the parameter conditions
are closer to the optimum. Furthermore, most of the lipid-encapsulated pDNA particles satisfy the size
criterion of LNP, <400 nm [55].

Subsequently, we fitted the 2"%-order model to the obtained data (Table 2). Although the 2"-order
model has relatively high residuals for runs 4 and 11 (Table S2), the lack of fit is insignificant (p-value =
4.82x107", Table S3). Additionally, the quantile-quantile plot (Figure S1) depicts the normality of the
residuals. These analyses show the adequacy of the 2"-order model to the experimental data.

The 2"-order model suggests that AFR significantly affects the particle size of lipid-encapsulated
pDNA (p-value = 5.63x1077). In contrast, the N/P ratio values ranging from 24.9289 to 39.0711 do not
influence the size of the resulting lipid-encapsulated pDNA (p-value = 6.48x107"). Both results are also in
agreement with the main effect plots (Figure 3) which show no significant interaction between AFR and
N/P ratio (p-value = 5.89x107") (Table S2). It also suggests that only the AFR significantly affects the
particle size of lipid-encapsulated pDNA (p-value = 5.63x107).
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Figure 3 (A) Main effect and (B) interaction plots between the N/P ratio and AFR.

The regression coefficient for AFR is —=72.9126 (Eq. (5)), meaning such a parameter has a main effect

of 145.83 nm, 2"%-order model is as follows:

§ = 137.0883 + 2.4186x; — 72.9126x, + 4.0675x,x, + 4.9402x? + 41.9552x2

where y denotes particle size, whereas x; and x: are the N/P ratio and AFR, respectively.
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Figure 4 (A) Second-order model visualized in contour and (B) 3D surface plots.

The contour and 3D surface plots of the 2"-order model clearly (Figures 4(A) - 4(B)) reveal that
parameter conditions have reached the optimum. The optimum conditions are characterized by circle or
ellipse shape, where the valey stationary point is located. The 2"%-order model suggests a stationary point
at N/P ratio of 32.58 and AFR of 0.88 mL/min. This stationary point is predicted to generate LNPs with
sizes of 105.35 nm. Conducting an experiment using such a parameter condition is unessential in our case
since smallest LNP has a particle size of 104.00 nm. This size of LNP was obtained by applying N/P ratio
and AFR of 32 and 0.9621 mL/min. Figure 4(B) shows clearly that AFR significantly affects the particle
size of LNP. In contrast, the N/P ratio within range of 24 and 39 do not influence the size of the resulting
LNP. The N/P ratio may give a significant impact below 20 with the AFR values between 0.8 and 0.9,
which can be expected from Figures 4(A) and S2.

According to the study, the size of LNPs is influenced by the AFR, which has been identified as a key
factor. We provided evidence for this finding through experimental analysis. By systematically varying the
flow rate ratio, we observed a consistent correlation between the flow rate ratio and LNP size. Specifically,
increasing the AFR led to smaller LNP sizes. This significant impact of the flow rate ratio on LNP size was

observed consistently across multiple experimental trials, establishing a strong influence of the AFR on
LNP size.

Conclusions

We have implemented RSM to optimize the preparation parameters, including the N/P ratio and AFR,
of LNP. We found that AFR significantly influence LNP size, whereas the N/P ratio did not significantly
influence LNP size of 24.9289 to 39.0711. We also did not any interaction between both parameters in
affecting LNP size. Assisting by RSM, we obtained an appropriate LNP size (104.00 nm) at the N/P ratio
of 32.0000 and AFR of 0.9621 mL.min"". The findings of this study have significantly contributed to the
acceleration of vaccine development by streamlining the preparation of LNPs. Moreover, the newfound
ability to control LNP size offers immense potential for scalable manufacturing, ensuring consistent quality
and enabling streamlined large-scale production. Overall, these remarkable findings provide a more
effective and dependable method for LNP preparation, allowing researchers to focus their efforts on other
crucial aspects of vaccine development and ultimately accelerating the production of effective vaccines.

Supporting information

Table S1 analysis of variance of the regression model of the 1%-order experiment (o = 5 %). Table
S2 The CCD matrix for lipid-encapsulated pDNA experiment and the resulting particle sizes complemented
with their predicted and residual values. Table S3 Analysis of variance of the quadratic model of CCD
experiment (o = 5 %). FO denotes 1%-order, TWI 2-way interaction, and PQ pure quadratic. X1 and X2 are
the N/P ratio and AFR, respectively. Table S4. Regression table of the quadratic model of CCD experiment
(a.=5 %). Figure S1. Quantile-quantile plot of 2"-order model residuals.
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Supplementary information for:
The implementation of response surface methodology in the optimization of lipid nanoparticle
preparation for vaccine development

Table S1 Analysis of variance of the regression model of the first order experiment.

(a2 =5%).
Df Sum Square Mean Square F-value p
FO(x1, x2) 2 290122 145061 8.0494 2.73 x 1072
Residuals 5 90106 18021
Lack of fit 2 85492 42746 27.7939 1.16 x 102
Pure error 3 4614 1538

Table S2 The CCD matrix for lipid-encapsulated pDNA experiment and the resulting particle sizes
complemented with their predicted and residual values.

No N/P ratio Aqueous Flow Ethanol Flow  Particle Size Predicted Particle Residual

Rate (mL/min) Rate (mL/min) (nm) Size (nm) (nm)
1 37.0000 0.6 0.4 267.3 263.3825 3.917534
2 27.0000 0.9 0.1 122.67 112.72 9.949966
3 27.0000 0.6 0.4 250.53 250.4102 0.119758
4 37.0000 0.9 0.1 123.17 109.4223 13.74774
5 32.0000 0.75 0.25 135.6 137.0883 -1.48833
6 32.0000 0.75 0.25 126.27 137.0883 -10.8183
7 32.0000 0.75 0.25 144.73 137.0883 7.641667
8 32.0000 0.9621 0.0379 104 117.8848 -13.8848
9 32.0000 0.75 0.25 127.23 137.0883 -9.85833
10 39.0711 0.75 0.25 140.77 150.3892 -9.61918
11 32.0000 0.75 0.25 162.8 137.0883 25.71167
12 32.0000 0.75 0.25 125.9 137.0883 -11.1883
13 32.0000 0.5379 0.4621 324.13 324.1127 0.017257
14 24.9289 0.75 0.25 139.3 143.5483 -4.24832

Table S3 Analysis of variance of the quadratic model of CCD experiment (a = 5%). FO denotes first-order,
TWI two-way interaction, and PQ pure quadratic.

X1 and X2 are the N/P ratio and AFR, respectively.

Df Sum Square Mean Square F-value P
FO(x1, x2) 2 42577 21288.4 102.1130 2.02 x 10°¢
TWI(x1, x2) 1 66 66.2 0.3174 5.88 x 10!
PQ(x1, x2) 2 13020 6510.2 31.2274 1.66 x 10*
Residuals 8 1668 208.5
Lack of fit 3 607 202.2 0.9530 4.82 x 10!
Pure error 5 1061 212.2
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Table S4 Regression table of the quadratic model of CCD experiment (o = 5%).

Estimate Std. Error t-value p
(Intercept) 137.0883 5.8946 23.2566 1.24 x 10°®
x1 2.4186 5.1049 0.4738 6.48 x 107!
x2 -72.9126 5.1049 -14.2829 5.63 x 107
x1:x2 -4.0675 7.2194 -0.5634 5.89 x 10!
x12 4.9402 5.3133 0.9298 3.80 x 107!
x22 41.9552 5.3133 7.8962 4.80 x 107
20+
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Figure S1 Quantile-quantile plot of second-order model residuals.
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Figure S2 Expanded contour plot for the second-order model.
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