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Abstract

Purpose Messenger RNA (mRNA) has shown great promise for vaccine against both infectious diseases and cancer. How-
ever, mRNA is unstable and requires a delivery vehicle for efficient cellular uptake and degradation protection. So far, lipid
nanoparticles (LNPs) represent the most advanced delivery platform for mRNA delivery. However, no published studies
have compared lipid microparticles (LMPs) with lipid nanoparticles (LNPs) in delivering mRNA systematically, therefore,
we compared the impact of particle size on delivery efficacy of mRNA vaccine and subsequent immune responses.
Methods Herein, we prepared 3 different size lipid particles, from nano-sized to micro-sized, and they loaded similar amounts
of mRNA. These lipid particles were investigated both in vitro and in vivo, followed by evaluating the impact of particle size
on inducing cellular and humoral immune responses.

Results In this study, all mRNA vaccines showed a robust immune response and lipid microparticles (LMPs) show similar
efficacy with lipid nanoparticles (LNPs) in delivering mRNA and preventing cancer. In addition, immune adjuvants, either
toll like receptors or active molecules from traditional Chinese medicine, can improve the efficacy of mRNA vaccines.
Conclusions Considering the efficiency of delivery and endocytosis, besides lipid nanoparticles with size smaller than
150 nm, lipid microparticles (LMPs) also have the potential to be an alternative and promising delivery system for mRNA
vaccines.
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Introduction saved millions of lives each year [1-3]. A novel coronavirus,
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has caused a pandemic world-wide and caused mil-
lions of deaths. Given that vaccines are the most important
public health approach to protect people from COVID-19,
companies and research institutions competitively devoted
to develop SARS-CoV-2 vaccines. So far, researchers have
developed inactivated vaccines, viral-vector-based vaccine,

subunit vaccines and mRNA vaccines etc. [3-5]. Among

Vaccines are widely considered one of the greatest pub-
lic health achievements and vaccinations have greatly
decreased the burden of infectious diseases worldwide and
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them, mRNA vaccines showed excellent efficacy and
showed potentials in application beyond preventing infection
disease. In addition to infectious diseases, mRNA vaccines
can also be used to treat other diseases, such as cancer [4-06].

According to recent studies, nucleic acid-based vaccines
could provide efficient protection or treatment, by stimulating
both humoral immunity and cellular immunity [7]. Compared
to DNA vaccines, mRNA vaccines demonstrated significant
advantages, in terms of its high potency, capacity for rapid
development and potential for low-cost manufacture and safe
administration [4, 7, 8]. The technical challenges associated
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with DNA vaccines are to ensure delivery into the cell nucleus
potential risks of integration into the host genome. While
mRNA has no potential risks of infection or genomic integra-
tion, thanks to mRNA carries genetic information from the
DNA to the cytosol, where it is used by the ribosomes as a
template for protein synthesis [3, 6, 9, 10]. Furthermore, mRNA
can be degraded by normal cellular processes, and the half-life
of mRNA can be regulated through the use of various modifica-
tions and delivery methods [3, 11, 12].

However, therapeutics based on mRNA has the chal-
lenges of the instability of mRNA and the crossing of mem-
brane barrier [3, 9, 12]. Recent technological advances have
now largely overcome these issues, these new technologies
include mRNA modification and delivery platforms such
as protamine complexes, nanoparticles based on lipids or
polymers, and hybrid formulations etc [11-16]. Indeed, a
good delivery platform should efficiently bind mRNA, pro-
tect mRNA from extracellular RNase degradation, uptake by
the desired target cell and express the mRNA in target cells
[17]. Sa far, lipid nanoparticles (LNPs) is the most promis-
ing and developed technology for mRNA delivery [16, 18,
19]. A typical lipid/mRNA particles formulation is consisted
of ionizabe lipids or cationic lipids, neutral helper lipids,
sterol lipid and a polyethylene glycol (PEG)-lipid [20-23].
It is reported that mRNA vaccines delivered by lipid/mRNA
particles can activate both humoral and cellular immune
responses potently. Many factors may affect the potency of
mRNA vaccine delivered by lipid/mRNA particles, such as
particle size and the incorporation of adjuvants [23, 24].

In previous studies and the FDA-approved mRNA vac-
cines, researcher applied lipid nanoparticles with the size
around 70 nm-100 nm. Though the scientists from Moderna
analyzed lipid nanoparticles range from 50 to 200 nm and
proved that LNPs, with size from 50 to 200 nm, yielded simi-
lar robust immune response [20, 25]. However, no studies
have compared the impact of particle size, in a broader range,
on the efficacy of lipid particles. Given that the size of parti-
cles can impact the migration and uptake of particles, particles
with size larger than 200 nm may have particular behaviors
[1, 26]. So far, the studies of vaccine delivery by microparti-
cles focus on biodegradable materials-based microparticles,
such as PLGA microparticles and the payload of micropar-
ticles focus on protein or peptide antigens. Recently, a few
SiRNA delivery by microparticles have been explored and
these limited number studies of SiRNA delivery by micro-
particles focus on pulmonary administration or lung-targeting
[27-30]. No studies have evaluated the delivery efficacy of
mRNA vaccines by microparticles, especially lipid micropar-
ticles. Studies have reported that microparticles, loaded with
antigens, might have the advantages in activating immune
responses, such as microparticles degrade more slowly and
can be more taken up by antigen presenting cells, besides
endocytosis microparticles can also attach to the surface of
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antigen presenting cells and deliver antigens, microparticles
produced enhanced CD4 4T cell activation compared to
smaller size nanoparticles etc [1, 26, 30—41]. Therefore, deliv-
ery of mRNA vaccines by microparticles might be a promis-
ing strategy for mRNA drugs. Herein, we evaluated the impact
of particle size, especially larger size, on cellular uptake and
immune responses induction of mRNA lipid particles in a
broader size range. Especially, we compared the efficacy of
lipid microparticles (LMPs) with LNPs in delivering mRNA.

To our knowledge, the most commonly used lipid par-
ticles for mRNA delivering are about 50 nm-100 nm,
hence 70 nm —100 nm was chosen as the small size of lipid
nanoparticles (LNPs). Considering other common applied
nanoparticle size, we selected 250 nm -350 nm as the size
for medium size lipid nanoparticles (LNPs) and selected
1.1 pm — 1.3 pm as the size for large size lipid microparti-
cles (LMPs).

In order to specifically investigate the impact of particle
size on vaccine potency, all other factors of the delivery
system must be matched [25, 42]. In our study, we changed
lipid/mRNA nanoparticles/microparticles size independent
of lipid composition by different preparation methods. The
different size lipid/mRNA particles with or without adju-
vants were prepared by using solvent diffusion method,
microfluidics and film dispersion method. To investigate
the impact of particle size and adjuvants on the efficacy
of mRNA vaccine, we immunized mice with mRNA vac-
cine encodes ovalbumin (OVA) and then challenge mice
with subcutaneously inoculation of OVA expressing E.G7
lymphoma cells. Both lipid nanoparticles and lipid micro-
particles were investigated and both poly(I:C) and hespere-
tin were tested when work as adjuvants. According to the
results, both poly(I:C) and hesperetin can be used as immune
adjuvants to enhance the potency of lipid/mRNA complexes,
and all size lipid/mRNA nanoparticles/microparticles pro-
duced robust immune responses.

Materials & Methods

Materials

DOTAP, DOPE and DMG-PEG2000 were purchased from
Avanti Polar Lipids (Alabama, USA); cholesterol was pur-
chased from Sinopharm Chemical Reagent (China); FITC-
DSPE-PEG2000 was obtained from AVT (Shanghai, China);
Hesperetin was produced in Yuanye (Shanghai, China); eGFP
mRNA was obtained from VectorBuilder (Guangzhou, China);
OVA mRNA was purchased from TriLink Bio Technologies
(California, USA); Quanti-iT RiboGreen RNA reagent and
Kit were obtained from Invitrogen (California, USA); Mouse
ovalbumin specific IgG ELISA kit was purchased from
Shanghai Enzyme-linked Biotechnology (Shanghai, China);
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OVA323-339, OVA257-264, OVA208-216, OVA27-35 were
purchased from Apeptide (Shanghai, China); Poly(I:C) (HMW)
VacciGrade™ was obtained from InvivoGen (San Diego,
USA); DMEM medium, RPMI 1640 medium, 1% Penicillin/
Streptomycin, PBS and FBS were purchased from Procell Life
Science&Technology (Wuhan, China).

Cell Culture and Animal Studies

DC2.4 (American Type Culture Collection, Manassas,
VA, USA) was cultured in the Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% Fetal Bovine Serum
(FBS) and 1% Penicillin/Streptomycin (P/S) (Procell Life
Science&Technology Co., Ltd., China) in 5% CO, at 37°C.
RPMI 1640 medium containing 10% FBS and 1% PS was
used to culture E.G7-OVA cells (BeNa Culture Collection,
China). For in vivo assays, 6-8 weeks old female C57BL/6
mice were used. Mice were assigned to treatment groups
based on cage numbers. All animal work was approved and
monitored by the Animal Ethics Committee of Soochow
University. All the mice were ordered from the animal facil-
ity platform of Soochow University.

Lipid/mRNA Nanoparticle/Microparticle Preparation

Lipid/mRNA complexes with different particle size were
formulated by solvent diffusion method, microfluidics or
film dispersion method. The ethanol phase was prepared
by solubilizing a mixture of cationic lipid (DOTAP, Avanti
Polar Lipids, USA), DOPE (Avanti Polar Lipids), choles-
terol (Sinopharm Chemical Reagent Co., Ltd, China) and
DMG-PEG2000 (Avanti Polar Lipids) at a molar ratio of
35:16:46.5:2.5 with ethanol; hesperetin (5 mg/mL) was
also solved in the ethanol phase in the particles loaded with
hesperetin as immune adjuvants. The aqueous phase was
prepared in 10 mM citrate buffer (pH 3) with either EGFP
mRNA (VectorBuilder, USA) or OVA mRNA (TriLink Bio-
Technologies, USA), with or without poly(I:C) (1 mg/mL).

Small size lipid/mRNA nanoparticles were prepared
via solvent diffusion method by mixing the aqueous phase
and ethanol phase in volumetric flow ratios 4:1 and heat-
ing the mixture to 55°C for 10 min. Medium size lipid/
mRNA nanoparticles were prepared via microfluidics by
mixing the aqueous phase and ethanol phase in volumetric
flow ratios 3:1. Large lipid/mRNA microparticles were
prepared via film dispersion method. Heating the ethanol
phase to 40°C for 30 min to form a lipid film and adding
the aqueous phase to dissolve the film. The molar ratio
between mRNA and the cationic lipid was 1:20. The pre-
pared lipid complexes were purified by dialyzing against
1 X PBS solution in a 1000 MWCO dialysis membrane
(Spectrum Laboratories, Inc, USA) at 4°C for 2 h. Before
the administration of mRNA lipid particles loaded with

poly(I:C) as immune adjuvants, Lipid/ mRNA particles
were mixes with 0.1 mL poly(I:C) to load poly(I:C) to the
exterior part of the lipid particle.

The lipid particles loaded with dyes were prepared the
same as described above, but replacing corresponding lipids
with FITC-conjugated lipids.

Lipid/mRNA Nanoparticle/Microparticle
Characterization

The size and surface charge of lipid particle were assessed
with or without mRNA. The size, polydispersity (PDI) and
Zeta potential of the lipid/mRNA particle were measured by
a Zeta sizer Nano ZS (Malvern Instruments, UK).

A Quanti-iT RiboGreen RNA reagent and Kit(Invitrogen
Corporation, USA)was used to calculate the mRNA encap-
sulation efficiency. The samples were diluted to a concen-
tration of approximately 5 pg/mL in 1 X TE buffer solution.
50 pL of the diluted samples were transferred into a 96 well
plate and either 50 pL of 1 X TE buffer solution (measuring
“free” mRNA) or 50 pL of a 2% Triton-X100 (measuring
total mRNA) was added to the certain wells. The plate was
incubated at a temperature of 37°C for 15 min. The Ribo-
Green RNA reagent was diluted 1:100 in 1 X TE buffer solu-
tion, and 100 pL of this solution was add to each well. The
fluorescence intensity was measured using the SPARK®
multimode microplate reader (Tecan Trading AG, Switzer-
land) at an excitation wavelength of about 480 nm and an
emission wavelength of about 520 nm. The fluorescence val-
ues of the reagent blank were subtracted from that of each of
the samples. The percentage of free mRNA was determined
by dividing the fluorescence intensity of the sample without
Triton-X100 by the fluorescence intensity of the sample with
Triton-X100.

The morphology of Lipid/mRNA complexes with dif-
ferent particle size were investigated by the transmission
electron microscope (TEM). The samples were diluted to
a concentration of approximately 100 pg/mL in deionized
water (total lipid concentration was approximately 3.8 mg/
mL). After dropping 10-20 pL diluted samples onto the cop-
per nets, the nets were dried at 50-60°C for 3 h. Phospho-
tungstic acid solution(1%) was added to the prepared copper
nets, 1-2 min later, using the filter paper to absorb the excess
dyeing solution. The nets were washed 3 times and dried,
followed by taking the images.

The stability analysis of LNPs and LMPs on particle size
were conducted under 4°C and -20°C. The LNPs and LMPs
were formulated as originally described and then stored in
the refrigerator (4°C), or in the freezer (-20°C) for 4 weeks.
Size was measured using a Malvern Zetasizer Nano (Mal-
vern Instruments, UK) every week. Each LNP sample was
measured three times.
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In Vitro Cellular Uptake FITC-Lipid Nanoparticles/
Microparticles

Either DC2.4 cells and splenocytes from the mice were
applied to conduct the uptake study. Splenocytes were iso-
lated from sacrificed mice by using a 70 pm cell strainer
(Sorfa Life Science Research Co., Ltd., China). After the
isolation, red blood cells were lysed by using lysing buffer
(BD Bioscience). After that, splenocytes were seeded into a
24-well plate at a density of 2.0x 10 [5] cells/well and cell
culture was done in 1.5 mL culture medium for 24 h at 37°C.

The blank lipid particles covalently modified with FITC
were added into the DC2.4 cells or splenocytes, and then the
cells were treated with 2 pg of the FITC- lipid particles for
4 h at 37°C in a CO, incubator.

After the incubation, DC2.4 cells were washed with PBS,
collected and measured by using BD FACSAria™ III Cell
Sorter Flow Cytometer (BD, USA).

In terms of splenocytes, the cells were washed with PBS,
followed by staining with Zombie Aqua™ Fixable Viabil-
ity Kit (BioLegend, USA) and incubating with Fc block for
10 min. Then, the splenocytes were stained with PerCP/
Cyanine5.5 anti-mouse CD11c antibody, APC anti-mouse
B220 antibody and PE anti-mouse F4/80 antibody in FACS
buffer (1% FBS in PBS). After cell staining, the stained cells
were washed with FACS buffer and measured by using Flow
Cytometer.

Study of Transfection Efficacy In Vitro

DC2.4 cells were seeded into a 24-well plate at a density
of 5x 10* cells/well and cell culture was done in 1.5 mL
Dulbecco’s Modified Eagle Medium (DMEM) medium for
24 h at 37°C in a CO, incubator. Prior to transfections, EGFP
mRNA encapsulated in lipid particles were added into cells
in DMEM medium and incubated for 24 h at 37°C. After
incubation, each well was imaged under a microscopy and
flow cytometry was performed to measure the percentage of
GFP-positive cells.

The transfection efficacy of lipid particles in DC, B
cells and macrophage were compared by incubating sple-
nocytes with different lipid particles. Splenocytes were
prepared by isolating them from sacrificed mice and fil-
tering through a 70 pm cell strainer (Sorfa Life Science
Research Co., Ltd., China), followed by lysing red blood
cells by using lysing buffer (BD Bioscience). After that,
splenocytes were seeded into a 6-well plate at a density of
1.0x 10° cells/well at 37°C. EGFP-mRNA encapsulated
lipid particles were added into cells in DMEM medium
(0.5 pg/mL) and incubated for 36 h at 37°C. After the incu-
bation, splenocytes were washed with PBS, followed by
staining with Zombie AquaTM Fixable Viability Kit (Bio-
Legend, USA) and incubating with Fc block for 10 min.

@ Springer

Then, the splenocytes were stained with CD11c-PE/Cy7,
F4/80-PE and B220-Percp/cy5.5 antibody (anti-mouse) in
FACS buffer (1% FBS in PBS). After cell staining, the
stained cells were washed with FACS buffer and measured
by using BD FACSAria™ III Cell Sorter Flow Cytometer
(BD, USA).

Analysis of Lipid Nanoparticles/Microparticles
Uptake by Antigen-Presenting Cells In Vivo

Female C57BL/6 mice (6—8 weeks) were housed in groups
of 5 mice per individually ventilated cage in an SPF facility.
Mice were subcutaneous injected with FITC- lipid nanopar-
ticles/microparticles. After 16 h, spleen and axillary lymph
nodes were collected and processed into single-cell suspen-
sions as previously described. Single-cell suspensions were
stained with Zombie Aqua™ Fixable Viability Kit according
to the manufacturer’s instructions to exclude dead cells from
analysis. After incubated with Fc-block to block nonspecific
FcR binding, cells were surface stained with PerCP/Cya-
nine5.5 anti-mouse CD11c antibody, APC anti-mouse B220
antibody, APC/Cyanine7 anti-mouse F4/80 antibody and
PE anti-mouse CD8a antibody for 30 min at 4°C. After cell
staining, the stained cells were washed with FACS buffer
and analyzed by flow cytometer.

Analysis of Biodistribution of Lipid Particles

The DiR dye (purchased from absin, abs45153692) was
dissolved in ethanol to prepare a concentration of 1 mg/ml
and the DiR dye was encapsulated into 3 different lipid par-
ticles with the above method. Female BALB/c mice aged
6-8 weeks received DiR via subcutaneously injected with
lipid particles loaded with DiR dye, respectively. Imaging
in vivo was performed at 6 h, 24 h and 48 h after injection.
Meanwhile, the heart, liver, spleen, lung, kidney, draining
lymph nodes and non-draining lymph nodes were taken out
after 48 h to observe the distribution of DiR loaded in 3
different lipid particles. Fluorescence signals (Ex740nm,
Em790nm) were measured by IVIS® Spectrum (Perki-
nElmer, Waltham, USA).

Immunization of Mice With Lipid Nanoparticles/
Microparticles

Lipid nanoparticles/microparticles loading with OVA-
mRNA and poly(I:C) (HMW) VacciGrade™ (InvivoGen,
USA) or hesperetin (Yuanye, China) were used to immu-
nize the mice. The C57BL/6 mice were randomized in dif-
ferent treatment groups and subcutaneously injected with
mRNA vaccines near the inguinal lymph nodes twice at a
weekly interval. Each dose contained 10 pg of mRNA, in the
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administration with immune adjuvants each dose contained
hesperetin 80 pg or 62.5 pg poly(I:C). The body weight of
mice were recorded every week.

Challenge Immunized Mice With Inoculation
of Tumor Cells

Mice were injected subcutaneously, on the flank of mice,
with 3.0x 10° E.G7-OVA cells 4 weeks after the first injec-
tion of mRNA vaccines. Tumor volume and body weight
of the mice were measured every 3 days. The tumor size
measurement was stopped when tumor size was exceeded
2000 mm”.

Analysis of Cellular Immunity Induced by mRNA
Vaccines on Mice

The antigen-specific T cells in splenocytes were detected
to analyze the cellular immunity induced by mRNA vac-
cines. Mice were sacrificed when the tumor size exceeded
2000 mm? and splenocytes were collected, followed by
processing into single-cell suspensions by using a 70 pm
cell strainer and lysing buffer. And then, cells were seeded
into a 12-well plate at a density of 2.0 x 10° cells/well and
cell resting was done in 2 mL medium for 12 h at 37°C.
After that, the isolated splenocytes were stimulated with
peptide antigens (OVA323-339, OVA257-264, OVA208-
216, OVA27-35, 10 pg/mL each, Apeptide, China) for 1 h
at 37°C in a CO, incubator. After adding Brefeldin A (Bio-
Legend, USA) for additional 11 h, the cells were washed
with PBS and collected. Single-cell suspensions were then
stained with Zombie Aqua™ Fixable Viability Kit and
incubated with Fc block to block, followed by staining
with APC anti-mouse CD3 antibody, Pacific Blue anti-
mouse CD4 antibody, PE anti-mouse CD8a antibody and
PE/Cy7 anti-mouse IFN-y antibody prior to flow cytom-
etry analysis.

Analysis of Humoral Immune Responses Induced
by mRNA Vaccines on Mice

The antigen-specific antibody induced by mRNA vac-
cines was evaluated by Enzyme linked immunosorbent
assay (ELISA). Approximately 200 pL of blood was
collected 3 weeks after the second injection of mRNA
vaccines for the measurement. After 2 h of incubation
at 37°C, the collected blood was centrifuged at 1200 g
for serum isolation (10 min at 4°C). Mouse ovalbumin
specific IgG concentrations in serum were measured by
ELISA kit (Shanghai Enzyme-linked Biotechnology Co.,
Ltd., China). Briefly, 96-well plates were coated with
Ovalbumin. Serial dilutions of serum were added and
enzyme-conjugate were added. Then covered with an

adhesive strip and incubated for 60 min at 37°C. After
the incubation, the plate was washed 5 times with wash
buffer. Substrate solution was then added to each well
and incubated for 15 min. The reaction was stopped
with adding stop solution. Finally, the plate was read
at 450 nm absorbance using microplate reader. In each
group, samples were analyzed in triplicate. Then con-
struct the standard curve and calculate concentrations
according to the manufacturer’s instructions.

Analysis of Toxicity of Vaccines by Histological
Analysis

Tumor-bearing mice were sacrificed when the tumor size
exceeded 2000 mm?. Heart, liver, spleen, lung and kidney
tissues were collected from tumor-bearing mice and healthy
mice. These organs were embedded in paraffin and then the
tissue sections were stained and analysis with H&E method.

Statistical Analysis

All data were evaluated and plotted by using GraphPad
Prism 8.0. Student's t-test, two-way ANOVA and Log-rank
were used to analyze significant differences in data. A P
value < 0.05 was considered statistically significance.

Results

Characterization of Lipid Nanoparticles/
Microparticles

Lipid particles with different particle sizes were success-
fully prepared. The structure of lipid/mRNA particles was
shown in (Fig. la). The size and zeta potential of lipid
particles were measured by DLS and DLS analysis showed
that the particle size of small lipid/mRNA nanoparticles,
formulated by solvent diffusion method, was approxi-
mately 90.15+2.92 nm (PDI=0.21) and the zeta poten-
tial was approximately 8.03 +1.40 mV (Fig. 1b-d). The
particle size of medium lipid/mRNA nanoparticles, for-
mulated by microfluidics, was approximately 300 +40 nm
(PDI=0.25), and the zeta potential was approximately
12.30+1.03 mV (Fig. 1b, e and f). The particle size of
large lipid/mRNA microparticles, formulated by film
dispersion method, was approximately 1150 + 100 nm
(PDI=0.47), and the zeta potential was approximately
28.60+2.20 mV (Fig. 1b, g and h). The results acquired
from transmission electron microscope (TEM) showed
similar as DLS analysis (Fig. 1i, j and k). In addition,
the encapsulation efficiencies (EEs) of small, medium
and larger size formulations were respectively 93.40%
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Fig. 1 Characterization of lipid/mRNA particles. (a). Schematic representation of a lipid particle consisting of lipids and mRNA. (b), The sum-
mary of particle size and PDI of lipid particles. (¢) and (d), The size and zeta potential of small size lipid nanoparticles. (e) and (f), The size
and zeta potential of medium size lipid nanoparticles. (g) and (h), The size and zeta potential of large size lipid microparticles. (i), The image of
small size (around 90 nm) LNP captured by TEM. (j), The image of small size (around 90 nm) LNP captured by TEM. (k), The image of small
size (around 90 nm) LNP captured by TEM. (1), Investigation of stability of lipid particles on particle size under 4°C. m, Investigation of stability

of lipid particles on particle size under -20°C.

(A-LNP), 88.70% (B-LNP) and 87.07% (C-LMP). The sta-
bility studies on particle size showed that LMPs have simi-
lar stability with LNPs when stored at 4 °C or -20 °C for
4 weeks (Fig. 11 and m). A slightly increase in z-average
diameter was observed when freezing the lipid particles,
indicating that freeze—thaw cycles should be avoided.
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The Impact of Particle Size on Cellular Uptake
of Lipid Particles In Vitro

In order to explore the cellular uptake properties of parti-
cles with different sizes, we utilized FITC-DSPE-PEG2000
instead of DMG-PEG2000 to prepare lipid particles.
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According to the analysis results, all 3 different lipid par-
ticles could be efficiently uptake by DC2.4 when co-incu-
bation with DC2.4 cell lines (Fig. 2a and b). When we
analyze the endocytosis of nanoparticles or microparticles
by all antigen-presenting cells (APCs), including dendritic
cells (DC), B cells and macrophages, we found that both
small size lipid nanoparticles (90 nm LNP) and large size
microparticles (1.2 pm LMP) showed significant stronger
uptake signals than medium size lipid nanoparticles (300 nm
LNP) (Fig. 2c). In the study, we used PerCP/Cyanine5.5
anti-mouse CD11c antibody to label DC. APC anti-mouse
B220 antibody and APC/Cyanine7 anti-mouse F4/80
antibody were applied to mark B cells and macrophages,
respectively. DC is the most important APC in initiating
cellular immunity and humoral immunity. In terms of DC
uptake, we discovered that large size microparticles showed
significant stronger uptake than medium size nanoparticles
and the other comparing didn’t show significant differences
(Fig. 2d). In terms of B cell uptake, it was witnessed that

both small size lipid nanoparticles and large size microparti-
cles showed significant stronger uptake signals than medium
size lipid nanoparticles (Fig. 2e). However, all three size
particles didn’t show any significant difference in uptake
by macrophages (Fig. 2f). These data indicated that small
size lipid nanoparticles and large size microparticles can
be uptake by total APCs stronger than medium size lipid
nanoparticles.

The Impact of Particle Size on Transfection Efficiency
In Vitro

To verify whether particle size can impact the efficacy
of mRNA delivery, we tested the transfection efficacy of
EGFP-mRNA after delivering by different size of lipid
particles. The efficacy of mRNA delivery was examined
by determining the quantity of transfected cells and the
value of mean fluorescent intensity (MFI). As shown in
Fig. 3a and b, all three sizes of lipid/mRNA particles
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.. . . 12} d)
lipid complexes with differ- 3 s
ent particle sizes. (a-b). The ° 150 3 ns
3] s
percentage of NP* cells in Q - Sma‘ll § 100 * — e Small
DC2.4 live cells (n=6). (c). £ 100 = Meckim & 75 M1 « Medium
The percentage of NP* cells in g W Large ;‘—: 50 s A + Large
splenocytes (n=15). (d). The s 50 o 3 e
mean fluorescence intensity z s 25 = M
(MFTI) of B220™ cells (B cells) § 0 £ 0
in splenocytes. (e). The MFI a N, S & 3 > & 2
of F4/80" cells (macrophages) 6‘:‘&5\ N E %&’bz&\" \?‘g
in splenocytes. (f). The MFI of . . <
CD11c* cells (DC) in spleno- Particle size Particle size
cytes. * means with significant b
difference apd 1.D<0.05; ns Small Medium Large
means not significant.
3 FITC- FITC+ JFITC- FITC+ FITC- FITC+
2579 100 25%70.62 99.4 25K70.25 99.8
20K 20K 20K
§|.5K' §‘5K- ‘5‘5'("
o o o
1.0K 1.0K7 1 10K
500 7 500 < 500 7
O gy O ey / \\1 ~ O gy ay
-103 ] 103 |D‘ 105 -IO3 o 103 |°‘ 105 -IO3 o 103 |04 |Ds
Comp-FITC-A Comp-FITC-A Comp-FITC-A
d . Small € . sman f. small
= Medium = Medium = Medium
s Large s Large ns s Large ns
w
e r 1 S 25000
A 20000 * P
< I §' [ 8 2 20000
= § g 15000 . S5
o s ©10000{ 4 i 5 @
= — =
z E g 5000 - =
K 0 3
N\ 2
& S
& & &
) Y
&°

Particle size

Particle size

Particle size

@ Springer



272

Pharmaceutical Research (2023) 40:265-279

2 ¢ Small
% = Medium
_‘; s Large
Q
k1]
Q
‘D
c
[
=
Particle size
c d
807 mm Small LNPs 209
9 =y Em Medium LNPs B
< 807 B Large LMPs £ 15 *
o
& e e |
< 40+ O 107
'} £
3 [3)
8 20- Q 54
)
0- 0-
o 0% o2 3
SIS SIS
N N
> & & » & &
& & ° &
) @‘0 A% ) () A%
Particle size Particle size

1000 e Small
Q = Medium
2 800
‘S 4 Large
E 600
o 400
o
£ 200

0
Particle size
e

El Small LNPs
B3 Medium LNPs
B Large LMPs

El Small LNPs
B3 Medium LNPs
B Large LMPs

Macrophages in GFP* (%)

Particle size

Fig. 3 Investigation of transfection efficiency of mRNA particles into DC2.4 (n=6) and investigation of transfection efficiency of mRNA parti-
cles into different antigen-presenting cells insplenocytes in vivo (n=3). (a-b). Expression of eGFP mRNA in DC2.4 cells and the corresponding
transfection efficiency at 24 h after co-incubation with different lipid particles. (¢), In vivo expression of eGFP mRNA in B cells of splenocytes
at 24 h after splenocytes co-incubating with different lipid particles. (d), In vivo expression of eGFP mRNA in DC of splenocytes at 24 h after
splenocytes co-incubating with different lipid particles. (e), In vivo expression of eGFP mRNA in macrophages at 24 h after splenocytes co-
incubating with different lipid particles. *means significant difference and P <0.05.

could deliver EGFP-mRNA to cells and cause the trans-
fection of cells. However, compared to medium size lipid
nanoparticles (300 nm LNP), small size nanoparticles
(90 nm LNP) and large size microparticles (1.2 pm LMP)
demonstrated significantly higher transfection efficacy
of EGFP-mRNA and induced transfections in more cells.
These data illustrated that small size nanoparticles (90 nm
LNP) and large size microparticles (1.2 pm LMP) per-
form better in vitro.

Splenocytes were applied to analyze the transfection of
different lipid particles, tanks to that splenocytes contain
B cells, DC and macrophage. The results showed that the
mRNA loaded lipid particles were efficiently uptake and
expressed these 3 different antigen-presenting cells. As
shown in Fig. 3c-e, there was no significant difference
between small size (90 nm) and large size (1.2 pm) lipid
particles in the expression of mRNA in B cells, macrophage
and DC cells. However, both small size (90 nm) and large
size (1.2 um) lipid particles illustrated stronger expression
of mRNA than that of medium size (300 nm) lipid particles
in B cells, macrophage and DCs.

@ Springer

The Impact of Particle Size on Lipid Particle Uptake
In Vivo

TO verify the results of endocytosis of lipid particles in vitro,
we further conduct an in vivo experiment to study the impact
of particle size on the uptake of particles APCs. The same
as above, we used PerCP/Cyanine5.5 anti-mouse CD11c
antibody to label DC and PE anti-mouse CD8a antibody to
identify subgroup of DC related with induction of immune
responses. APC anti-mouse B220 antibody and APC/Cya-
nine7 anti-mouse F4/80 antibody were applied to mark B
cells and macrophages, respectively. The gating strategy in
flow cytometric analysis is shown in Fig. 4a. Herein, besides
CD11c* DC population, CD11c+CD8+ DC population was
also investigated to provide more comprehensively infor-
mation, given that CD11¢*CD8* DCs is the population in
DC:s that play critical role in activating T cells and inducing
the immune responses. The results revealed that no lipid
particles produced a statistically different endocytosis effi-
ciency with other size lipid particles in splenocytes in vivo
(Fig. 4b-e). While in the investigation of lipid particle uptake
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Fig.4 The analysis of in vivo
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by APC in lymph nodes, it was discovered that DC, CD8a*  lipid nanoparticle (90 nm LNP) also showed significantly
DC and B cells, were more inclined to take up large lipid  higher uptake than medium size lipid nanoparticles (300 nm
microparticles (1.2 pm LMPs) (Fig. 4f-i), though small size =~ LNP). According to previous studies have reported that
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larger particles stay longer at the injection site, we suspect
that micron-sized lipid microparticles have a greater chance
of being taken up by antigen-presenting cells at the host site
[1, 36, 37, 43-46].

Investigation of Biodistribution of Lipid Particles

In vivo imaging results (Fig. 5) showed that, micron-sized
lipid particles may reside longer in injection site and
draining lymph nodes than nano-sized lipid particles. 6 h
after injection of lipid particles with three particle sizes,

Fig.5 Investigation of biodis-
tribution of lipid particles after
subcutaneously injected at the
right back. Imaging in vivo is
conducted at 6 h. 24 hand 48 h
after the administration of lipid
particles; the distribution of
lipid particles in major organs is
conducted at 24 h and 48 h after
sacrificing the mice.

Small size
Dorsal

Non draining
lymph node

24 h

Non draining
lymph node

48 h
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fluorescence signals were observed at the injection site,
and the fluorescence signals of the particles with small
particle sizes tend to migrate to the draining lymph node.
24 h after injection, the fluorescence signal of draining
lymph nodes could be observed obviously, which suggests
that the complexes enter the draining lymph nodes from
the injection site. 48 h after injection, the fluorescence
signal in draining lymph nodes was enhanced in medium
size LNP and large size LMP, but decreased in small size
LNP. Meanwhile, fluorescent signals in various organs of
mice revealed that draining lymph node has the highest

Medium size
Abdomen

Large size
Abdomen

Dorsal

Dorsal

Epi-fiuorescence.

Draining
lymph node

Non aining
lymph node

Non draining
lymph node

Draining
lymph node

Draining
lymph node

Draining
lymph node

Non draining
lymph node

Non draining
lymphgnode

L5

o Kidney
. - Kidney ¢

®p [ung

Spleen

Lung

Spleen

k Liver

g Heart

Liver

Heart



Pharmaceutical Research (2023) 40:265-279

275

concentration of all 3 types of lipid particles. Besides, the
micron-sized lipid particles remain in the lymph nodes,
while the small size lipid particles have some migration to
liver and medium size lipid particles have some distribu-
tion to spleen. These data suggest that lipid microparti-
cles migrate to lymph nodes more slowly than small lipid
nanoparticles.

The Impact of mRNA Vaccine Size on Preventing
Cancer

To further investigate the impact of particle size on vaccine
potency, we immunized mice with different size mRNA vac-
cines and then challenged mice with E.G7-OVA cancer cell,
a cell line that can induce T lymphoma. Since, the mRNA
in lipid particles can encode the antigen ovalbumin (OVA)
and E.G7-OVA cancer cell express the antigen OVA, immu-
nize mice with mRNA vaccines would induce OVA-specific
immune responses and thus retard the tumor growth.

In the study, mice were vaccinated on day -28 and day -21
with OVA mRNA vaccines, and then on day O the mice were
subcutaneously inoculated with OVA expressing E.G7 lym-
phoma cells (Fig. 6a). The tumor growth and survival rate of
mice were monitored to evaluate the efficacy of different size
mRNA vaccines. As tumor growth curves and survival curve
shown in Fig. 6b and c, mice vaccinated with different sized
lipid particles showed a significant delay of tumor growth
and a prolongation of survival, compared with the mice in
PBS control group and blank nanoparticle group. However,
there was no significant difference, in terms of tumor growth
and mouse survival, between mRNA vaccines with differ-
ent particle size. Besides, it should be noted that immune
adjuvants, either poly(I:C) or hesperetin, could improve the
efficacy of mRNA vaccines (Fig. 6d and e), though the cati-
onic lipids in mRNA formulation themselves have partial
adjuvant function. Poly(I:C) and hesperetin are easy to be
encapsulated into mRNA formulation due to they are also
negatively charged, which is the same as mRNA.

The data demonstrated that there was no significant differ-
ence between mRNA vaccines encapsulated with poly(I:C)
group and mRNA vaccines encapsulated with hesperetin.
(Fig. 6d and e). Hesperetin is an active substance from tradi-
tional Chinese medicine and potentially has the ability to alter
immune responses. The study presented here indicated that
hesperetin potentially could be applied as immune adjuvants.

Furthermore, the cellular immunity and antigen-specific
T cells induced by mRNA vaccines were analyzed by detect-
ing the IFN-y secreting CD8* or CD4" T cells upon stimu-
lating by incubating with OVA peptides antigens. IFN-y
secreting is the sign of T cell activation, therefore we can
quantify the amounts of activated antigen-specific T cells by
mixing antigens with immune cells. The results showed that
the percentage of IFN-y*CD8™ T cells in mice, immunized

by all 3 sizes of mRNA vaccines, are higher than that in
the PBS control group (Fig. 6f). Meanwhile, the percent-
age of IFN-y" CD4" T cells in mice, immunized by large
microparticles, was significantly higher than that in the PBS
control group (Fig. 6g). These results indicated that all 3
size lipid particles can effectively activate antigen-specific
cellular immunity.

Investigation of Antigen-Specific Humoral Immunity
Induced by mRNA Vaccines

To evaluate the impact of particle size on inducing anti-
gen-specific humoral immunity, the OVA-specific IgG
concentrations in serum of mice were measured after
immunizing mice with mRNA vaccines. In this study, all 3
kinds of mRNA vaccines induced robust humoral immune
responses and statistically difference was observed between
different vaccine groups (Fig. 7a). Meanwhile, comparing
with PBS control group and medium blank nanoparticle
control group, it was found that medium lipid nanoparti-
cles without adjuvants can also induced stronger humoral
immunity, and the addition of adjuvant hesperetin didn’t
increase the humoral immune response (Fig. 7b). These
data indicated that in terms of inducing humoral immunity,
90 nm lipid nanoparticle (LNP), 300 nm lipid nanoparticle
(LNP) and 1.2 pm lipid microparticle (LMP) have no sig-
nificance. In addition, the lipids included in the particles
also worked as adjuvants in facilitating the activation of
humoral immunity.

Analysis of Toxicity to Major Organs During
Immunization

To assess the potential side effects of lipid nanoparticles
or lipid microparticles, the major organs were analyzed by
H&E staining after vaccine immunization. As shown in
Fig. 7c, no obvious pathological changes or toxicities were
observed in the collected tissue samples, including heart,
liver, spleen, lung and kidney.

Discussions and Conclusions

Thank to mRNA vaccine platform presents various advan-
tages, such as good safety, rapid manufacture, and co-induc-
tion of cellular and humoral responses etc., the studies on
mRNA therapy are becoming hot spot and entering a very
exciting stage [42, 47]. Once injected through subcutane-
ously or intramuscularly, mRNA vaccines are uptake by
APCs and then transported to the draining lymph nodes
(dLNs) by migratory APCs [48]. The crucial APCs for the
induction of cellular immunity and humoral immunity are
DCs, which are highly specialized to take up and process
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Fig.6 Analysis of preven-

tion efficacy of mRNA lipid
particles with different sizes.
(a),Time line of the mice immu-
nization and tumor inoculation.
(b-¢), Tumor growth curve and
survival rate of mice immu-
nized with different size mRNA
vaccines (n=38). (d-e), Tumor
growth curve and survival rate
of mice immunized with mRNA
vaccines encapsulated with
different adjuvants (n=38). (f-g),
Measurement of IFN-y secreting
CD8" and CD4" T lymphocytes
in splenocytes after stimulating
by OVA peptides. *and ** mean
compared with PBS control
group; # means compared with
medium blank nanoparticle
loaded with only poly(I:C); $
means compared with medium
blank nanoparticle loaded with
hesperetin; & means compared
with medium nanoparticle
without adjuvants. *, #, & and
$, P<0.05; ** P<0.01.
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antigens [1, 45, 49-51]. The efficient uptake of antigen or
its delivery platform by APCs depends on properties of par-
ticles, such as the size of particles [1, 51].

In reported studies and the FDA-approved mRNA vac-
cines, scientists applied lipid nanoparticles with the size
around 70 nm-100 nm. No researches have compared the
impact of particle size on the efficacy of lipid particles in a
broader range. Therefore, we we compared the efficacy of
lipid microparticles (LMPs) with LNPs in delivering mRNA.
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In the studies, there typical particle sizes were applied,
90 nm, 300 nm and 1.2 pm. Thus, both lipid nanoparticles
(LNP) and lipid microparticles (LMPs) were included.
90 nm LNPs and 1.2 pm LMPs showed stronger cellular
uptake and transfection than 300 nm LNPs in vitro.

APCs can take up mRNA lipid particles at both the injec-
tion site and draining lymph nodes. Particle size determines
the mechanism of trafficking to the lymph nodes. Accord-
ing to previous studies, nanoparticles traffic to the draining
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lymph nodes in a size-dependent manner, the smaller size
(smaller than 200 nm) particles can infiltrate into lymph
node more easily than larger particles. Whereas, lipid micro-
particles were uptake similarly by the DCs in lymph node
with small size lipid nanoparticles (90 nm). We speculate
that this is duo to large microparticles (500 nm—2000 nm)
mostly uptake by DCs from the injection site and these
DCs carried the lipid microparticles into the lymph node
[37, 44, 46]. Literature suggests that lipid nanoparticles
smaller than 200 nm freely drain to the lymph nodes [1, 43,
45, 46, 51, 52]. Previous studies showed that smaller lipid
particles leave the injection site more readily than larger
particles, however, smaller lipid complexes in the 30 nm
size range drain rapidly from the site of s.c injection result-
ing in limited potency [53]. Lipid nanoparticles, with size
30 nm -200 nm, most are uptake by APCs in lymph node
and with a part of nanoparticles uptake by APCs at injec-
tion site [1, 43]. Theoretically, large lipid microparticles can

(Poly(I:C))

recruit circulating APCs, such as DCs, and uptake by such
APCs, followed by being carried into the lymphatic sys-
tem by APCs which can squeeze through openings between
overlapping endothelial cells [1, 52, 54-58]. So far, limited
knowledge exists for whether micron-sized lipid micropar-
ticles could be used to deliver mRNA and how it impacts
vaccine potency. Given the above situations, our studies,
comparing lipid microparticles with lipid nanoparticles
in delivering mRNA, provided important information in
mRNA delivering area for deeper investigations.
According to our in vivo immunization study, all 3 sized
mRNA vaccines could induce effective immune responses
and showed a significant delay of tumor growth in prevent-
ing cancer on mouse model. Besides, significant difference in
cellular immunogenicity and humoral immunogenicity was
observed between these 3 different lipid nanoparticles (LNPs)
and lipid microparticles (LMPs). According to previous stud-
ies and our studies on nanoparticles and microparticles, we
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speculate that these results were caused by the combination of
different residence time of particles stay in injecting site and
ability of particles infiltrating into lymph node [1, 37, 43-46].

In summary, we prepared 3 different size lipid/mRNA
particles without changing their lipid composition. It was
witnessed that lipid/mRNA particles encapsulating with
immune adjuvants (either poly(I:C) or hesperetin) showed
a more significant stronger immune responses than lipid
particles without adjuvants. Notably, compared to the most
commonly used 50-100 nm lipid nanoparticles (LNP),
1-2 pm sized lipid/mRNA microparticles (LMP) showed
similar robust immune response and excellent intracellular
delivery. 50-100 nm lipid nanoparticles (LNP) have been
approved to be applied in clinic to deliver mRNA vac-
cines. Therefore, this work proved that lipid microparticles
can achieve similar mRNA delivery efficacy with small
size lipid nanoparticles, and thus provided us an alterna-
tive micron-sized platform for mRNA delivery, besides
lipid nanoparticles with size smaller than 150 nm.
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